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ABSTRACT
The Crowth Potential of Corona Discharges from Aircraft Flying in Precipitation

The behaviour of positive streamers in fields near and above the ctability
field has been studied in quasi-uniform fields of up to 18cm in extent with the aim
of producing a mode] of the behaviour so that predictions can be made for much
greater distances. In particular the evolution in air of free charge produced by
the propagation has peen rﬁonitored and the effect of pressure and propagation
distance on this evolution studied. A frequency (I") or coefficient (¥) has been de-
fined and measured which characterises the grawth of free charge. The
Schockley-Ramo theorem has been used to analyse the data which not only pro-
vides values for other relevant parameters such as attachment coefficient and
streamer velocity but also provides a nave! way of observing prebreakdown
streamer modes. A model has been constructed which adequately accounts for the
observed behaviour in small gaps but which predicts unrealisticaily large amounts
of free charge in large gaps (>1m). This suggests that some other mechanism
might predominate in this case; an increase in electron density leading to channel

thermalisation is suggested as a possibility.




Section 1: Introduction

The most remarkable single event in atmospheric physics is surely the lightning
discharge so that it comes as no surprise that the study of the event has an impressive
history together with an equally impressive list of, in many cases, legendary investigators
(F ranklin, C T R Wilson, Schonland and others). Over the years an enormous quantity of
data has been garnered from numerous programmes conducted around the world, most
notably in those regions where the lightning stroke is an devastating as it is spectacular.
In view of this, what is surprising is that the entire mechanism from the initial charge
separation through onset and leader development to the final arc is not satisfactorily
understood. For example, there is still 2 certain controversy surrounding even the
physics of the charge separation whilst the measured electric fields in the vicinity of
thunderclouds (1-2kV/om) are substantially lower than those encountered in laboratory
long gap breakdowns. The investigation reported here was, and still is, concerned with
the onset of the discharge. That is to say, given the thundercioud environment - with
fields of measured magnitudes and precipitation of various sorts - together with a know-
ledge of laboratory breakdown processes - could the onset of the discharge be reasonably
well predicted? There is an additional question involving aircraft as will shortly become
clear.

Most breakdowns originate with corona and its subsequent development or growth;
the exception being breakdown between parallel electrodes involving a strictly uniform
field. In order to obtain corona, which is a property of high fields, in the low field of a
thundercloud, demands the assumption that precipitation be present - a not too severe
limitation for a thundercloud! The geometrically enhanced electric fields at the surface
of the precipitation would then reach the level required for corona onset. However, it
turns out that the fields required to generate corona from ice and water particles of the
anticipated size are still significantly larger than those commonly encountered in a
thundercloud. The exception here is the long water filament drawn out when water drop-

lets collide - an event which combines a low onset field with relative rarity; desirabie
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features when seeking the cause of what is after all a triggered discharge. Of course,
aircraft offer exactly the same characteristics - indeed the onset field is likely to be
even lower - so if the argument that corona is a discharge prerequisite is acceptable it
follows that aircraft can trigger a lightning flash. It is probably worth adding at this
point that the overwhelming experimental evidence does currently point to a positive
confimnation of aircraft triggered discharges. Mazur, for example, has identified, using
radaf, the source of several ¥ hes as an aircraft flying through a thunderstorm; rocket
triggered discharges provide additional support. When the investigation reported here
was undertaken in 1984 this was not the common view (e.g. Clifford).

Of course, corona is not the sole requirement. Generally speaking, corona pro-
duction will tend to dissipate the field which produces it. To understand corona driven
breakdown from essentially isolated conductors (no discrete power source) a distinction
must be made between the two forms of corona - negative and positive - both of which
will usually occur simultaneously at opposite extremes of such a conductor located in a
suitable field. Note this is not the same as monopolar corona from a charged conductor
with or without an ambient field. The key difference lies in the concept of a stability
field; this is the minimum ambient field in which the corona will propagate. Negative
corona requires a much higher field for propagation than positive corona. The prop-
agating corona is usually termed a streamer and the positive streamer stability field is
some 4kV/com only at atmospheric pressure. Since this field is pressure dependent then
the lower pressures in a thundercloud lower t..e stability field to values not untypical of
measured thundercloud fields. It is for this reason that the growth of the positive
streamers for F> Estability is believed to be of key importance.

This investigation then is concerned almost entirely with the behaviour of such
streamers. Establishing suitable conditions is not as easy as would appear because of the
large voltages involved. Even 1MV would only allow propagation distances of 2.5m to be
studied and then because of the size of the electrodes iequired to guarantee quasi-
uniform fields (~7.5m in diameter) only measurements at atmospheric pressure could be

made. The investigation has been confined for these reasons to gaps of only 20om but



with the electrode structure contained in a vacuum chamber which allows the pressure to
be varied from 200 torr to 760 torr - below 200 torr streamers are difficult to generate.
An outline of the arrangement is contained in Section 2. The theoretical treatment re-
quired to interpret the results is in Section 3 with some typical results in Section 4. Most
of the data obtained is contained in Section 5 with some discussion of these results in

Section 6 and a broad conclusion presented in Section 7.




Section 2. Experimental Arrangement

2.1 Electrode System

The arrangements consists of two plane parallel electrodes. A third needle elect-
rode is inserted in a hole in the plane anode, the needle being earthed. The redesianed
upper electrode (Fig.2.1) is a 25am diameter aluminium toroid, with a flat face. The 7am
diameter edge profile is intended to prevent natural corona inception from the cathode
by keeping the field divergence at the edge low and the 12om clearance from the GRP
vessel walls prevents surface discharges along these to the lower electrode.

This is a 42cm diameter copper plate, Smm thick, and stands on three spacers,
resting on adjustable feet. Changing spacers allows electrode separations from 5 to
20am to be used. A émm diameter stainless steel needle protrudes through a 2am hole in
the centre of the lower electrode, sct by line-of-sight against a block, to be 12mm above
the lower electrode surface (for easily repeatable consistency) whatever the electrode
spacing. Both are earthed via (nominally) 50 resistors (see schematic Fig.2.2). The
earth point is a copper strip, connected to a mains earth. Subsequent measurement of
the resistance of the signal resistors used showed them to be 55 and 560 for the
conduction and displacement circuit respectively. The cables used to connect with the
ascilloscope were found by a resonant method to have a dynamic impedance of 76n2. All
these values are buiit into the computer program which finds the currents from the volt-
age waveforms.

Up to-100kV is applied tc the upper electrode either directly or via a 200 £ high
voltage resistor from a Brandenburg M-series supply. The high voltage charging resistor
was incorporated to prevent the formation of an arc.

Assuming the physical circuit between the HT supply and the electrodes to be
circular and of radius 40am, its inductance, L = poerZAO.Bp.H. The capacitance of the
electrodes, C =€°A/d ~10pF and hence the time-constant for recharging the cathode
directly,T= LC~3ns.

If the cathode charge G = CV ~15uC, is signficantly depleted inside ~ 3ns, the

voltage falls, choking off the discharge. The risetime of a corana pulse may be ~.100ns



and a time-to-sgac« is typically ~lus; hence corona and arc processes can develop unin-
hibited if the charing resistor is left out of the circuit. If the cathode must recharge

via the 200MN res:stor, then T =CR ~-48ms and a high current arc cannot be sustained.

2.2 Digqitizing System

The voltages across the signal resistors are taken down coaxial cable and digitized
by a Philips PM315 125MHz digital storage oscilloscope (256 sample memory). Typical
voltage pulses obtained with a Tektronix 300MHz bandwidth analogue oscilloscope show
some oscillation but no short timescale events. Though the PM315 has an internal 60MHz
filter, no data, therefore, is lost on account of this. It became apparent that the two
channels were i perfectly synchronized. The rise in the conduction current circuit
occurred one sample later than the rise in the diplacement circuit. This has quite severe
consequences for the analysis routines used, as discussed later.

The high speed digital oscilloscope can be pre-triggered. The data is continually
read in and once a trigger is experienced, the read-in of data stops. Hence data can be
gathered from before the triggering point. This is an improvement over traditional oscil-
loscope measurements where the very first portion of the event is always absent from
the records. (The streamer inception is irreqular and so repetitive sampling techniques
cannot be used.)

The data recorded by the digital scope were recorded using a Z80-based micro-
computer via 38 GPIB-418 IEEE standard interface. The Pascal source code of the algor-
ithm for handling this is reprinted in the Appendix but the implementation is heavily
machine-specific and the code is particularly inefficient. This aspect of the measuring
system leaves considerable scope for improvement,

The (integer) data from the scope are stored in a disk file and converted to an
array of real data representing the currents calculated usin;; the measured values of the

signal resistances and dynamic cable impedances in parallel.
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2.3 Experiments Carried Out

The needle projected by 12mm above the plane to generate natural corona. In this
polarity, positive stresmers were produced in the high field induced at the needle end and
propagate into the gap. The needle is at earth potential and this falls quite rapidly ta the
potential which would have been experienced at this level in the plane-parailel gap were
there no needle present. This potential drop is En, though it must be stressed that the
needle itself is at earth. The potential drop in the enhanced field at the needle end de-
pends on the field and needle height, n, and so keeping the needle height constant will en-
sure that the potential drop in the gas at its end is the same whatever the gap length or
cathode potential. This is rather different from the situation in an inverted point-plane
gap (the high voltage is usually applied to the point), where the potential drop at the
needle-end does depend on the applied potential.

To produce streamers is no easy task, for the field praduced in the gas at the
needle-end must be high enough and of a large enough extent. The geametry of the
needle is crucial and some considerable time was spent producing a sharp needle with a
amasll, uniformly rounded tip. The idea being to increase the size of the critical vclume
by having a smoothly rounded tip, but to increase the field enhancement by having a
narrow cone angle. The eventual needle profile, arrived at by trial and error had 30°
cone-angle, with a tip of radius ~20um (measured with a travelling microscope). It was
necessary to electrolyse the tip in order to get a smooth profile of this small radius.

This gave satisfactory inception at high pressures but, as described in section 4,
not so good an inception at lower pressures, where the critical avalanche must be larger
for inception. On occasion, the inception was very infrequent, as the critical volume for
those particular conditions was very snall. To overcome this difficulty, an ionizing
-source (50uCurie Americium) was mounted on the shaft of the needle just below the
hole in the plane anode to provide excess starter electrons. The ionizing source did not
affect the clesring time of the ions and so under conditions where the source was not
needed, it could be left in the electrode chamber and have no effect at all on the

discharge.
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The primary aim of this work was to investigate t-e influence of propagation
length on the corona characteristics. Accordingly strear =-s were generated and digital
records of the induced currents made, with various different pressures and electrode
separations. The data, stored on disk, was then analyzed to provide several fundamental
parameters of the streamer’s propagation, described in section 3.

It should be noted at this stage that as the data was digital, with a full scale de~
flection of 8 bits, the display (on a monitor with similar resolution) was scaled so t":at as
much information as possible was visible. An autoranging algorithm was used to find a
scale factor such that és much of the screen was used up and then rounded up so that in-
canvenient numbers were not involved. The zero leve! was determined by averaging the
first 5 points in the record, and the data from the oscilloscope converted inta a real
number array for further analysis. When the scaling for the screen display was obtained
a zero level was chosen such that the real zero level corresponded to a line on the
graticule drawn on the screen.

The effect of this variable scaling though is that when making direct comparison
of different pulses on the screen (or on the screen dumped copies used herein for illust-
rations) the scaling must always be borne in mind.

The electrodes are contained in a8 50om diameter GRP vessel, which was pumped
out using a throttled-back rotary vacuum pump. Gas was let in through a mixing unit,
where the flow could be controlled. The pressure established in the chamber by this flow
(~101/min), was monitored by a simple rotary dial gauge. Room air was drawn though a
silica-gel dryer, which was regularly re-filled with fresh silica gell. Though the influence
of humidity was not studied because of the time spent analysing the large quantity of dry

gas data, the facilities exist for doing so.
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Section 3: Theoretical Consideratians

Introcuction

An unavoidable paradox arises vhen studying streamer growith kekrviaur in 4
quasi-uniform field in that the generation of the streamer requicrs bighly divercent fietd
conditions, ait-eit localised. In general temmns, the analysis of charge evoluticn in 4
uniform: field from the behaviour of externally induced currents is r2latively straight -
forward; in two electrode divergent field geometry progress can only be made giver, at
least a cetailec knowledge of the field distribution, but even then a derivec charged
distribution may be ambiguous. The present geometry, detailec in Section 2, cortairs
elements of both. The treatment presentec belov. indicates hov the two contritutions
{uniform and non-uniform)may be separatec leading to an estimate of the free churge
and its rate of generation. The approach also highlighits the importance of chtairing the

data in digitised form even though some loss of resolution is inevitable.

3.1 Basic Processes

3.1.1 Induced Charge

Shockley (1938} and Rammo {1939) have shown , as an extension of the
Reciprocity theorem (Jeans, 1927), that the charge q, induced on the k-th concucter in a
system Sn of conductors, due to the presence of a point charge q, at r, is given by:

q.* = -av, ()
(3.1)

where Vk’(r) is a dimensionless quantity, the per-unit-potential, the potentinl at r if Sk is
at unit potential, and all other conductors, Sn1k’ in the system are grounded Fig.2.10. It

is @ geometrical property of the electroce system.

3.1.2 Incuced Current

Differentiating Eq. 3.1 yields the incducec current’iy * drawn by Syt

i*= -qWV M = QMo w




12

Fig 3.1

Fig 3.2
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where Ck *(r' Is the corresponding per unit field at ¢ {dimiension l,'] I the charge q
having instantaneous velacity v . Since potential fields are superposable, generality is
not lost by surmiming aver all free charge in the system and for an axial concucting

filanent of linear charge densityA(r) (Fig.3.2), the incuced current is the line integral:

i, - AOE () v(D) df - f E.(D j(r)as

L is a vector along the filament. The current, j, in the filament is given by j(r} =

(3.3)
A@Ye ‘the current is overwhelmingly electronic, since Vel Vy

3.1.3 Parallel Clectrodes

For plane parallel electrodes, Fig. 3.3 shows Vk" Ek', q." and iy * for both
electrodes (k=1,2}. Asa charge qmoves from 5, to 52, Vl' falls off linearly and hence

q* is progessively transferred from S, to S,. That is to say, incuced charge is conserved.
”

S

ket 3.4

Since the per-unit field, E* = 1/d everywhere and in the uniform externally appliec
field £ the charge g has a constant velocity, the inducec current is,

i* = gE*v = qv/d
(3.5

The current is almost entirely electronic, since Ved> Vg and only free electrons
contribute significantly to the induced current. Dy the sarie token, q is almost entirely
composed of free electrons; ions - including negative ions - make tlittle contribution to
the induced current.

This induced current is now defined as ie, and will be referred to as the electron
current. This will be used as a theoretical concept in geomretries where it connot be
defined as an induced current in a particular electrode. In such geometries, je represents
the current due to all free electrons weighted uniformly (i.e. as if the per-unit field were
uniform throughout the electrode volume;. So in the three electrode system used in this

study, the electron current is a concept, namely the current which would have heen
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incuced in the lower plane electroce if the point were not there,

3.1.4 Significance of i

To further understand ie let a point charge g move hetween plane paralle!

electrodes and consicer that: {;l

' = 5:/
1.dt - .3'- vdt = 99%/4
]
the dipole moment caused by this translation per unit electrode separation between the

electron and the positive ion left behind. In this special geometry,sx/c’ is just the change
in per-unit potential along the path Sx. In a general electrace system then, if one
electron created by ionization in the gap drifts by Sx, and is neutralized at an electrode
and if the difference in V* along this path is §V* then the charge transported to that
particular electrode is just 8V'q, which will be less than q. (This is not affected by the
physicel arrival of the charge, for the electron will be neutralized by the charge built up
on the electrade, and no further current will flow to the electrode through the external
circuit.)

Furthemmnore, the net charge in the gap is now g. The remainder of the induced
charge resides on the other electroces. Care must therefore be exercised when
considering the induced currents, particularly where distributed charge is concerned, as
free charge is not conserved (some may attach, for example); the integral of the free

rlectron current may not then be easy to interpret.

3.1.5 External Current

In general, the conservation of induced charge (£q.3.4} is the same as conservatinn
of per-unit potential, since q * ==qV, *:

R L DALY

which means, for two electrode systems, that \‘ * . V *-lsp E * - -Ez* or 'l = -iz',
which is hardly surprising as there is continuity of current in the external circuit. Note
that as i* is found by differentiating q*, the sign of i* is not related to the coordinate

system used, but to the external circuit. In this case the current into 51 equals the
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current out of 52. Thus highlights a fundomental liroitation of current reasures ont in
two-electroce systems, i.e. since i]' = -iz', there s only ane cegree of freedon. The
electron current is defined as the induced currert in plane parallel geometry. In point-
plane geometry, the electrons moving near the point are weighted considerably ronre
heavily than those further away, and the conceptually cefined electron current, the
induced current if the electrons are all given cqual weight is not recuverat.le fror. the
actual induced current. It will be shown that this is at least cpproxunately passible 1o
three electruce geometry where there is an extra degrec of freedon. and a porticutariy
discrete boundary condition.

It can be acded that the same analysis is applicable to any two groups r7 all the
electrodes in a systern. In the case of those used throughout this study, the cxterns!

circuit is forrr.ed fram the needie and the lower plane 1 L anc ir,) and the catt nde |

[of cath *

Then the external current 1s (xc + id), and is equal tc “tegtye Thisis averyinteresting
observation, for (ic’id> is the current which would be . easured by physically combining
the plane and pnint. In this case, hovever, the electrical interconnection of these

electrodes is effected via the signal resistors and an earth paint. They are electrically

decoupled; the coupling occurs via the physical processes in the gap.

3.2 Three Flectrode System

3.2.1 Three Electrode System

Fig 3.4 is an exagqcrated sketch aof the electrodes used in this study., To maintain
consistency with what follows, the point will be referred to as Sc’ the plane anode as ©

2y

and the cathode as S It will be shown that the needle, Sc, introduces an effertive

cath’
boundary condition and to emphasize the grnerality of this, a purely georm.etric function,
f(r), will be used.

A one dimensional filament is considered. Two Toordinate fran es are used, one,

x, having its origin ot the anode, Sd’ the other, r, havina its origin at the end of the

needle, SC, where xzn, the height of the needle alove the anode (Fig3.4).
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To find v %, 5 s at umt, ard 5 16
c c cath

o at zero petential Section 301010,
Accepting for now that the per-unit potential \,‘C', only hus an appreciaile value near tie
neecle end, r £ ary where ar[ is a multiple of the tip radius} 2this v.ould seem reasonaliie
«f the needle tip were an iscl: ted sphere of radius Ty then if the surface 1s at urit
potential, beyonou the surface the potential will Lie rt/r. The earthed anoce will
exaguerate this fall-c f£.9), the general form expected nf \/C' is given by the
dimensionless function f{r} T ig.3.4" which has the following propertics:

flr=0) = 1; flr=c-n}=0; fr=d-n’ =0 = f(n/(r:d-n_‘,:

flrin 0 unlecs rgar (3.0

From £q. 3.3, with VC* = f(r},
r=d-n

i - [Eljar-[fore
V<0

anc is hence the average current flowing in the portion of the channel where f(r}is
appreciable, so given that the spatial extent of f(r}is small, i, will be the same as the
conduction current 1n the channel base.

The per-unit field is confined to a srall region near the tip and a charge travellirg
across this resion will pass through a cifference AV*in Ve of~1. So during this transit,
the vhole charge q is transported to the point. If the size of this region is so snall that
the electrons cross it quickly comipared with their arrival rate, or conpared with the
temporal resolution of the oscilloscope, then the current in this electrode approximates
te the arrival rate of the charge.

3.2.3 Cisplacenmient Current

»
Vo for off-axis charge trajectories, is exactly the same as for plane parallel

electroaes, nnd i(, o (section 3.1.3), but because the needle, Sc’ is earthed when finding
-
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\/.(, {rather than linearly rising as a charge across the gap, as in section 3.1.3, F1g.2. 3}
atang the gap axis qymust fall abruptly to zero as t =0 Fig.3.5 The charge inducec on
the planc will rise 'inearly as qmeves across the gop, only ta fall abruptly back to zern
as the needle-end is approached. The charge built up on the plane as q traversed the gap
is transferred ropidly to the point. (This is a slight simplification: the charge built-up on
the plane is (d-n)g/d, and that remaining on the cathoce is ng/d both of these are
transferred to the point as the test charge traverses the high field region at the neecle-
end. Of course the charge induced on the plane is a function of the position of g, not its
path. The discussion is couched in terms of the trajectory of q to make visualization of
the spatial variations clearcr.} From the point of view of the conservation of inducec

charge, {E£q.3.4), it is self-cvident that the only possible solution for v' FREH
| - l-—} o) = {d'r' } {d' !{(r)

ﬁ_Vd = £+ dn
vsd-n d-n-

then 'Ld = j(r) -d-a— (ﬁ}dr= "‘f\/(”)dr +.d_zl.v (r)f(r)dl’

(3.8)

3.9

that is, 14 = 14 + i;._"i L. (3.10
Since it is contributed to by the displacement of charge across the gap, this is
called the displacement current. Rearranging £q.3.10 we have i, the current which

v:ould have been recorded in plane parallel geometry:

.

1 = id + -d—:f'vlc (3.1

This addition of a negative contribution to id from ic formalizes the rapid drop in
V.d near the neecle end, and will turn cut to be a useful analytical tool. This rapid
drop-off in V‘d is due to an effective boundary conditign, since the defining equations
for V“d require the needle to be at earth potential. This is where the iC termn in £q.3.10

comes from and is a fundamental result.
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This techrigue for recovering iy is not cependent on the extent of flrl. ticr s
£q.3.7 for i. The only place in this discussion where the spatial extent of flr}is

important is in ascribing iC to be the physical current in the channel hase, This will be

ciscussed later in connecticn with the space-charge field at the channe! base.

3.2.4 Free Charge Reconstruction

As already mentionec, the electron drift speec is » ion crift speeds anc only the
electronic component of the current is observed. Note that this implies that free
{electron; ~harge is NCT conserved; an electron attaching to an oxygen molecule, for
example, contributes little to the induced current.

[f the free electron charge in the gap totals Cg’ and If these electrors have the
same drift speed Ve (the field is uniform, anc Yo is found from well-establistec
expressions) then i, = vae/d or:

Gg = ied/v'3
(3.12)
anc the free electron charge in the gap, Gg can be {ound by simply scaling 1, This
reconstruction of Gg from instantaneous value of the induced currents relies on sonie

fairly gross assumptions, and the validity of these is consicered below {section 3.3).

3.2.5 Three Electrode Point-Plane System

Sigmond (1978} has calculated the per-unit potentials and fields for an ingenious
three electrode paint-plane system used by Marode (1979%a,b) (Fig.3.6). The cathode is
bere divided into two, with a small, isolated central portion. Note how the crop-off of
V.* is so steep that the charge is transported almaost instantaneausly to the point as g
traverses the high field region. To a lesser extent this occurs as q reaches the central
portion of the cathode too, and hence the currents n.easured will be nearly equal to the
charge arrival rates, as outlined above. Thus for this arrahgcrnent, as expected for the

systemm used here, the current to the point is effectively equal to the arrival rate of

charge.
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3.2.6_Polarity of Induced Currents

The appliec fielc is supplied by Scath’ and charges of either polarity drift in
opposite directions {according to the coordinate systemy of Fig.3.4] to procuce a +ve
conventional current j (cirectecd upward in the figure). From £a.3.7 and £q.2.5 ") is
-ve), it can be seen that iC and ie will always be +ve, and hence will always cause a -ve
voltage across the signal resistor R in the external circuit.

All references to currents induced from now on will refer to the valtages across
the resistors as though they were currents. So a -ve conduction current wavefornt {for
example} is produced by an upward cirected conventional current in the base of the
channel.

The only +ve voltege (-ve current) induced in the external circuit to the lower

electrodes i$ the (-(d~n)/c‘}ic contribution to i . If there vere a positive voltage in i

c ¢}

therefore, it can be inferred (hat there is current flowing in the region where the per-
unit-potential of the needle is appreciable. This is a result of there being an effective
boundary condition at the needle-end and is unambiguous. The only ambiquity in the
analysis lies in the spatial extent of the needle-end region. In the sense indicated above,

positive electron currents ig and conduction currents, iC are physically not possible.

3.3 Limitations/Problems

The above treatment of the induced currents relies on some fairly gross
assumptions; however it will now be shown that these can largely be avaided vhen the

particular magnitudes of the parameters involved are considered more carefully.

3.3.1 Space-Charge Field

Section 3.2.4 ignored the space-charge field. Firstly, electron velocities in the
active reqgion are ~107 an/s. The contribution from the space-charge field of the tip,
where the electron speed is the highest is considered belnw ‘section 3.3.2). Fven
excepting the tip, for Gg to be recoverable from ie’ the electron speed, and therefore the

local field everywhere must be the san-e. Dust is this a reasonable assunption? Can the
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space-charge field of the channel at least be ignarec™

Phelps (1976} asserts that the field alonyg the channel is just the geor etric, or
applied field; whereas Marode (1981) emphasizes that concuctivity is the more important,
E being determined such that there is current contiruity along the channel.

Phelps would have the space-charge cistributed by the applied field: Narode, the
conductivity {charge density) determining the field.

A simple calculation shows that for a channel of net charge AL ~10nC (typical

value officdt), the space-charge field, E'm X~U.A KV/an, compared with an ambient

a
field of some 4iKV/om. Hence the space charge field can safely be ignored in the
chanrel.

There is an exception. It will be recalled that the development of further
streamers is supposec to be suppressed by a positive space-charge local to the neecle-
tip. The suppression of further streamers is indeec good evidence that the ficld at the
tip is reduced by a positive space-charge. Certainly the geometric field here is high,
causing clectrons to be swept out of the gap miore efficiently than they are sv.ept into
this region from the rest of the ch onel. It will tend to accumulate a positive charge
until the local field is uniform along the channel. But this will accur only whilst the
electrons in the neecdle-region remain unattached. This is essentially either the
development of compensation zone process of Phelps or Lhe secondary streamer process
of NMarode.

In this case the space-charge field works in favour of the theary ceveloped here.
V/ith the reduced local field due to this space-charge, the electron crift speec will be the
same in the base of the channel as it is in the remainder, and the recovery of the free
charge (section 3.2.4) thus makes a valid assumiption. The electron drift speed can be
obitained accurately ennugh by using the applied field and pressure for a given gas - it
does not change significantly hecause of the space-charge.

Furthermore, the superposition principle permits the effect of individual charges
to be considered in isolation and simply summed up {section 3.1.2), so the spacr-charge

does nat influence the per-unit-potential; V¥ is a property of the electroces.
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It has been indicated (secticn 3.2.2) that the Line taker te cress the needle-region
is important. If this oconrs within the sareple tinie of the csailioscnpe, the charge
transfer can be considerec to have occurred instzntanecusly. The shortest sample
interval used was 16ns and for an electron drift speed of ~4Ckni/s fin the whole length of
the channel’, this corresponds to 3 needle-cnd region 64U0pm in extent. Since the tip
radius of the .ieedle used was~20um, the conduction current can safely be identified
with the arrival rate of charge at the tip. The transit time of the enhanced per-unit-
field region is clearly less than it weulc have been without the positive space-charge, but
it has been shown that the overall effect of this does not affect the identification of the

conduction current with the arrival rate of charge at the tip.

3.3.2 Steamer Active Region

A major problem in the anzlysis of the cischaorge currents is the different drift
speeds in the active region and in the channel. The field in the active reqgion Hartmann,
1974) may be 120V/em.torr or more. The carresponding electron speed is ~350km/s, or
26 times greater than the A35kmys in the <rift region {the channel). “owever, fypical
free charge values before cathode impact mray be up to 100nC, 1c* « the charge in a

-11

strearner tip (1077 "C) and thus for a single tip the channel current v.ould {19~1(}3x

greater than the tip current.

3.4 Application
Turning now from generalities to sonie specific predictions about the induced
currents, etc. expected from particular discharges, there are three cases to ccnsicder,
The current may be confined entirely tu the tip region (i} or Cistant from: the
tip region (ii), or a combinaticn of both (i)
3.4.1 Case {0

If the current were confined to the tip region, the electrons would drift to the
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anole surface very quickly anc te neutralized there. Thus only a brief pulse of current
woulc e observed. As discussec abeove, there would e a large contribution tn the
conduction current, hecause of the relatively large per-unit field, accompanied by a large
positive contribution to the cisplacement current. This positive-going displacement
current is the clearest evidence for this phenomeron, as it can arise fram no other
situation {negative currents are alv-ays expected). This kind of event would look much as

sketched in Fig. 3.8(1).

3.4.2 Ccse (i)

If the charge is cistant from the point, then no contribution would be expected to
the conduction current; the per-unit field witn respect to the tip is negligible at any
significant distance from the neecdle end. The miost practical visualization of this kinc of
behaviour is charge injection from the cathode arising from the impact of the streamer.
In this case there would be a continuum of current from whatever processes are occur-
ring in the remainder of the discharge immediately before the imipact, and the turst of
charge released from the cathode will be superiniposed upon this. The slectrons liber-
ated from the cathode will then attach over a period, producing the waveforms in Fig.
3.8(i).

As the electrons from the cathode are distant from the point, there will Le no
tnducec conduction current. The electron current ie will be very much fike the dis-
placement current and both will be negative. The situation is similar to plane-plane
geometry, for which the displacenient current would be identically equal to the electron

current. An electron generating event in mid-gap would have produced the same effect.

3.4.4 Case (ii)
‘’here there is 3 channel growing into the gap from the point, the situaticn is
.
more complex. The relative growth and attachment rates need to be considered. There
are three main cases, (a) below, (U} at, and (c) well above the stability field. Based on a

simiple model of the discharge ‘section 3.5.6 ff) the electron currents are indicated in
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Normal conduction current profile
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This is the dotted line in the

diagrams below - inverted for
comparison with the displace-
ment current ig. i, is the electron
current

Fig 3.9
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Fig.3.9 far each case. As the channel is built up the electron current increases initially,
falling again for (a), flattening out for (b) and subsequently rising in case ‘c). The in-
fluence of this on the displacement current can be calculatecd with the aic of Eq. 3.10 and
14 is sketched for (a), (b} and (c), assuming the case of a standard concuction current
pulse in Fig. 3.9.

It can be seen that the dying streamer has a displacement current wtolly positive,
only marginally different from the conduction current. The stability streamer dis-
placerment current does dip below the axis, and a little charge injection from the cathode
has been marked in (according to section 3.4.2). Above the stability fiel:! the
displacement current dips very strongly below the axis, and the charge injection has been
drawn inmore heavily also. In this example the second derivative of i o has changed from:
a concave slope below E

to a convex slope above £ If the attachment is very

stab stab’

strong (Fig.3.9(d)}, then a point of inflex ion is expected to appear.

3.5 Further Analysis

3.5.]1 Generated Charge .

Consider atchannei, length Ll and charge Ol at time tl, developing to (l_z, Gz,
]

tz)- Then sinceficdt is removed, and the remainder gets attached, one n:ay write:
t

23

Q. = (Q, - f iﬂ‘)e)‘(t'-m»» 5Q

3.14)
where the generated charge §C is introcuced to satisfy charge conservation. In a
qgrowing streamer system, this is in effect the total streamer tip current integrated over
a sample interval. In all calculations, it will be divided by the saniple interval, to give a
charge injection, or charge generation rate. It will be~0 after the streamer transit,

unless some other electron-detaching or ionizing process is occurring.

3.5.2  Attachment Frequency

To find §Q from £q.3.16 requires a knowledge of ¥, and this is not well defined

experimentally. However, if the channel is decaying without any new electron
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detachment or ionization, SQ = 0. lnmaost cases, the channel has decayoed substaotially
Ly the time the streamers cross the gap an(!jicdt in £q.2.14 can be neglected by com-
parison with the magnitude of Og' Typical values are for Gq to change by 2-3nC at an
attachment frequency af ~3hHz compared with ~320pC extracted fron:n the channel
base in the same time. So unless the attachment frequency is very low and there is
appreciable conduction current at this paoint, ya can be found by perfonning a least-

squares exponential fit on the G_ data. An example of this is shown in Fig3.10 where this

9
has been performed between the two cursor markers. In this way, using the fitted value
of ¥, fren a portion of the discharge when §a - 0, allows &G to be found for portions of

the curve when it is non-zero Fig.3.11).

3.5.3  Streanier Velocity

The large pulse of electrons releasec when the streamer arrives at the cathiode, is
seen as a sharp increase in&§ Q (Fig.3.J1). From the transit time of the streamer, t., the
mean streamer speed, v, = (d-n)/tN can be found. This time-of-flight method is rather
crude cornparg(i with considerably more sophisticated photomuitiplier studies, but the

results are useful as confirmation or for camparison.

3.5.4.  Streamer Function, Alx}

In attempting to identify a formal growth parameter for a streamer consider that
a streamer system "creates" an elementary line charge Q = A(x)dx, at x, at time t=x/v,
(Fig.}.lZ): this charge then drifts at ve back tov-ard the point, arriving x,’ve seconds iater
at time T:x/vs + x/ve = x/V where it is convenient to define an effective velocity V.
After attachment, the charge dQ laid down becomes upon arriving at the point, ¢G' =

Qe T = AlxdeWdx. But with x=VT, dx=VdT, and dO':A(TV)e"ITVVdT, then:

1',‘_ = :i%_, = A(TV)(,_ 7WV

ar Afx) = 1. (—,\’-;—) 6'zx/V (3.16)

~
A

—

[Ny
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dQ' = Alx)e” 7%dx
AlTVIe” 1TV var

f

ic(T) = dQ'/dt = A(TVIe- 1TVV

t=1t)+¢ty

d/vg = X/vg + X/vg - x/vg

=> X = (d/'s + x/v )V

Alx,t) = A(X)e” 7'X-x)

x

g —>»

s

dQ - A(x)dx

{created at time t - x/v,)

Fig 3.12

Ve

charge

Q' ’'Ne  x

st ‘=oat time T

m ifve = x/V

1 'S  streamer reaches d - vt

charge deposited at X is A(X)dX
at time t) = XAy,

drifts to x in

&

time tp = (X-x)/v,
and is A(X)e” (X x)gx

Fig 3.13
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Calculation of AT froos i 15 ooly passible while significant current survives to
reach the point. Naoise otherwise dominates the calculation of A, and the liitec
informuation yielded by this technique limits its use. This demnonstrotes the daminance of
attachiment in the channel. Compared with the attachment effect, A'x has neqgligitje

nmfiuence upon the form of it.

3.5.5  Channel Function, Xx

The instantaneous electran cistribution along the channel, A0xY, may te niore use ful

thar A{x). Clearly (Zg: A(x_‘.(lx, and Afx) is reiated to Alx) by the fallowing relation, see

(-4

)(x,t)= A(X)&-‘?(X.t.) X'(t"’i)v 3T

Inthis case, t=¢/v_. Substituting this into Cq.3.17 ancd integrating the electron
. i ) s OB
ttarge for astreamer which bas extended a distance d, and putting A ,\,:Ae for tte

strean er function, one has:

L f)«mdx
’ d

u

v V-v]
( _‘I}g + I_.[_{}:_.) dx

"
—
[\
»
X
)
<
—~~
™
+
|
./
&
X
-~

Ve L. dV(ED]}, (b’V-g(V-Ve) d-)
IV Vo) Py (“P\T %

This has been evaluated with the following values of the coefficients invoived:

7 -j(‘(yvr'l, Ve:z.ﬂlqn/s, v =150km/s e V=31.5km/s). The result is plotted as (;G"\z‘;,"A for
vanious volues of d and @ in Fig.3.14 und shows that this general picture of the discharge
o reasonatie insnfar as it produces results which agree with the phenomerna and woith the
;general idea of a growing streamer.

If the streamer is dying, g€0, then Og decreases with d. Cg is stable, reaching i
constant level whend'=0, and rises rapidly when there is strong growth, &> 0. Initially, as

the channel is heing established, all values of & imply growth in (Iq. The stability firld
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correspends tod =0, but this jraph MiG3.1%) 0 akes clear a cifficulty i cotemaring the
stahbility field from decicing whether or not the streamers crass the gap. Pre-stalality

streamers take some tinie to cie, and might reach the cathode in the snall 10an or so
gaps used experimentally. This analysis shows unequivccally that if (‘,G holds level

throughout the life of the discharge then tte streamer s at the stability field.

3.5.6 Fomial Growth Parameter

Alx; is the better growth paramieter, cespite the measuren ent problen: noted in
section 3.5.4. An alternative is to use § & for it seerns reasonable to write:
G = Alv v,
s s
3.9
as the charge G added to the channel is clearly just the charge Alx) laic down by the

streamer. This relation is needed to corvert hetv.een the spatial and tempgcral grovith

rates of the streamer.
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Section 4: Typical Results

Introduction

The input data consists of just two time dependent currents (viz. conduction and
displacement) but, as indicated in Section3, a number of derived quantities are obtained
for each corona event (e.g. free electron magnitude Q,, generated charge 3q).
Naturally, the temporal development of these quantities is field and pressure depen-
dent. In this section some typical results are presented for various field/pressure
regimes together with an explanation of these profiles in terms of the microphysics of

the event.

4.1 Regular Corona

The bulk of the work concerns conventional streamers at sub-breakdown fields and
at different pressures and/or propagation lengths. Subsequently, as the field is increased,
a number of corona modes are observed, which are associated with pre-breakdown pheno-
mena. These corona modes are interesting as their elucidation bears upon the topic of
the glow-to-arc transition in uniform fields which is commonly encountered in overvolted
gaps, at a reduced field nearly always greater than 34V/om.torr (for air); by comparison,
the breakdown in the present study occurs at 8 to 10V/an.torr. We deal here with the

sub-breakdown streamer event.

4.1.1 Inception Field

At reduced pressure, the lateral diffusion of electron avalanches increases. To
generate a critical avalanche then, a greater charge is required in this larger valume to
raise the tip field to the level where the replication mechanism can operate. So a higher
reduced field is needed before onset occurs. Replotting Phelps' stability field data as

reduced stability field, E b/p, shows on the contrary tha.t the stability field is iower at

sta

lower pressure (Fig.4.1). The combined effect of these two variations is that at a certain

pressure (about ~500 torr in the present study), the onset and stability fields coincide.

~-~
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Below this value, onset streamers always grow throughout their life, and regrettably no

sub-stability field measurements can be made.

4.1.2 Pre-stability Field Streamers

As mentioned above, observations of this regime are restricted to high pressures,
The displacement current at low reduced field is entirely positive (Fig. 4.2,#408.2)
indicating that there is a lot of current at the base, and very little in the body of the
channel. (It will be recalled that a positive displacement current is fundamentally
related to the current at the needle-tip, section 3.2.6). The conduction current shows no
fine structure (more af this later) and the small electron current (Fig. 4.3) ensures that i
and iy are almost anti-symmetric (Fig. 4.4,#408.3).

The electron charge, Qg, falls off throughout the discharge (Og and ie have the
same form, as they are related by a simple scaling factor (section 3.2.4) and all the
figures are drawn with a dual scale representing this). The form of Qg in fact follows
that presented in Fig.3.14 for the case of a strongly decaying streamer system. Common
to all records is the initial rise in Qg. Following this the particular features of interest
are the peak v0.23us after the event began and following that the subsequent strong
decay of Qg. The simple calculation of the charge in the gap (section 3.5.6) shows a
similarly broad peak, which indeed (for example with the growth parameter used in the
model ¥=-10), occurs at around ~0.27us. All this shows clearly that the low reduced field
in the example studied cannot support streamer propagation, even though a critical
avalanche can be created at the needle tip. Once the high field region at the needle end
has been left behind, the streemer travels a am or so using its internal energy to
compensate for the inadequate supply from the external field and finally dies. Visual
observation of the corona confirmed that it did not propagate to the cathode.

It has been observed though that streamers below the stability field may still

»
survive to the cathode. Figure 4.5 shows a sequence of records, as E/p is increased. The

event just considered, #408.2, was obtained at the very low ambient reduced field of
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4.24V/am.torr. At a slightly higher reduced field, 4.5V/an.torr, the streamers reach the
cathode, and a small current pulse is seen demonstrating this (Fig.4.5ii). This record
though (#409.3) shows that Qg was decreasing throughout the streamer propagation.
Thus although it reached the cathode, this streamer was not growing, and according to
section 3.4 was below the stability field. The decay is more clearly exhibited in
Fig.4.5iii, showing Q_ for event #97.0. This was for a longer propagation distance

9

(16.4om) then for the previous example (10.3am), and so the reduction in Q_ has a longer

9
time to manifest itself. The reduced field of 4.67V/am.torr for event£97.0 is actually
higher than the 4.5V/cm.torr used in the previous example (#609.3) though the decay
seems stronger: this is of course partly caused by the relative timescales of the plots and
partly by the longer total discharge time in the latter event. Fig.4.5iv shows an event (#
99.1) where the streamers grew slightly throughout the discharge; Gg increases con-
tinually up to cathode arrival. This trend is confirmed by Figs.4.5v and 4.5vi where the

growth in Qg increases with the reduced field.

4.1.3 Streamers at the Stability Field or Greater

Streamers can cross a gap at fields below the stability field. There is a range of
fields at which a proportion of the streamers cross the gap and 8 proportion do not. This
can be clearly seen from the displacement current records, which either do or do ot
contain a sharp negative feature as the streamers reach the cathode (or not). This

feature is considered here.

4.1.3a Injection from Cathode

Fig.4.6 shows a sequence of streamer displacement and conduction current records
for an increasing reduced field. They all show a sharp negative feature in the dis-
placement current, which is accompanied, if at all, by only a relatively insigificant
feature in the conduction current. The peak in the displacem;ant current is evidence that

there has been a sharp increase in the free charge in the gap, for ie must have in-
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creased. The lack of a correspondingly large signal simultaneously in ie indicates that
the charge generation responsible for this feature occurs well away from the point
(section 3.4). It has been assuned, since visual observation confirms that the streamers
cross the gap when this negative feature in id is present, that this generation of charge
occurs at the cathode when the streamers arrive and the cathode region is established.
This rapid injection of charge is superimposed upon the now growing Qg for the
system as a whole. The two are partially separable by calculating 8@ as described in
section 3.5.1. Fig.4.5 shows the §Q records corresponding to the Qg records already
presented for various reduced fields. The impulsive nature of the charge injection can be
seen more clearly when plotted as § G demonstrating that this feature increases in size
with E/p; this can be linked with the ultimate size of the streamer system. It would not
seem unreasonable that the charge injection from the cathode should increase as the

number and size of the streamers arriving there increases.

4.1.3b Conduction Current Perturbation

Simultaneously with the large spike in the displacement current record a8 small
perturbation (Fig.4.7) is sometimes seen in the conduction current record. Quite what
this represents is an open question, but it is certainly much smaller than it would be if
the current pulse responsible for the displacement current feature were located at the
needle-end and must have same other explanation.

One possibility is that the theoretical analysis presented in section 3 is not
perfe~tly followed by the practical, real, electrode arrangement. Some induced current
could be being picked up by the needle from charges located at the cathode; for example,
if Ec' were not zero everywhere far from the needle. However, even if there were any
such contribution, it would at least be continuous with the position of the space-charge,
and not vary rapidly far from the point. Therefore the perturbation would have the same
shape as the displacement current record, which in fact tails off by far the more slowly

of the two. This feature, furthermore, would always be present whenever the streamers
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cross the gap, although in fact it is not always seen, ruling out this particular possibility.
The aiternative is that an enhanced field, associated with a potential redistri-
bution brought about by a return wave, causes the electrons in the channel base to speed
up, resulting in a slightly increased conduction current. Though since the perturbation
occurs simultaneously with the peak in id (or rather within the 16ns sample window), this
implies a propagation velocity in excess of 11Mm/s, compared with a value of ~10Mm/s
reported by Marode (1975a) for the speed of the wave during the compensation phase.
This velocity is ~100 times that observed by Suzuki )1971) so it seems there is some con-
siderable disagreement regarding the speed of ionizing waves. The wave observed by
Maro.de occurred under the same circumstances as the perturbation discussed here, and
so is perhaps the better value for comparison. Thus it seems reasonable to identify this

perturbation with the arrival of a return wave - as concluded by Marode.

4.1.4 Attachment Frequency

Once an entire channel has been created, no further increase in electron charge
Qg is expected (unless of course same ather electron detaching process occurs). Fitting
an exponential curve to the later portion of the Qg record gives very close agreement,
showing that the charge residing on the channel is progressively attached. Attempts to
fit exponentials to streamers which do not cross the gap must be treated with caution,
for the channel may still be extending although electron density is declining (see e.g. the
model in section 3.5.6). The result (e.g. Fig.4.5i shows the result of such a calculation)
may indeed be exponential, but does it represent only attachment? The decay of Qg can
only be considered to be attachment after cathode impact, so (e.g.) in Fig.4.5ii the
calculation of the attachment frequency based on a fit between the two cursor positions

does satisfy the assumption that &a-o. This topic will be discussed in the next section.

The attachment algorithm is described in the appendix.
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4.1.5 Low Pressure Specifically

The results at low pressure are very interesting, Clearly they are of some
importance for the questions this work adcresses, for a thundercloud may exist in a low
pressure regime.

Fig.4.8 shows a low pressure streamer record. It is completely different fro those
at high pressure, and one could be forgiven for thinking it to be some new kind of event
and not a streamer at all.

'I/p for two-body attachment and 7/p2 for three-body attachment depend only on
E/p. As the pressure is reduced, the attachment coefficient is predicted to fall, and this
is indeed observed to happen. This appears to be the principal effect on the discharge of

reducing pressure and is expressed in a number of ways,

4.1.5a Induced Current

The conduction current is due to the electrons produced in the streamer active
region drifting along the channel and arriving at the point. The magnitude of the con-
duction current will thus depend on the number of electrons "added" to the channel, A(x)
(section 3.5.5), and upon the attachenent coefficient. In this case, the reduced
attachment allows more electrons to survive to the point, enhancing the conduction
current. Now it is inevitably true that the electron current will also be enhanced by re-
duced attachment, but for a charge at the base of the channel, E *» Ee’ and the
increase in ic due to enhanced current in the channel base will be much greater than the
corresponding increase in i. The displacermnent current, essentially a combination of ic
and ie’ will hence be more positive than at higher pressure. This generally explains the
novel shape of the i  records at low attachment rate (pressures).

This can be characterized by plotting the ratio of the positive peak in the dis-
placement current to the negative peak in the displacement current against pressure
(Fig.4.9). The correlation is complicated by the difference in streamer arrival times

since the velocity is also a function of the pressure but the general trend is clear.




& San At

46 N ¥ v
L+
4
iq
0.30 L 4
O 8.5 V/cm torr
® 7.5 V/cm torr
0.25 1
Fig. 4.13
0.2 g 4
0.15 | 4
0.1 4 4
. 1 " Pressure (torr)

200 400 600




47

4.1.5b Time-to-Peak

The balance of attachment and growth influences time-to-peak of the conduction
current as well. In fact, Fig.4.10, at extremely low pressure and high E/p, the peak in
the conduction current actually occurs after that in the displacement current! This can
be explained as follows:- Increased E/p would be expected to cause an enhanced stream
growth rate. At higher pressures this would be swamped by the high artachment, but re-
ducing the pressure (attachment) allows more of this increase to survive as far as the
needle. The point where attachment daminates over growth occurs later and later in the
discharge, ultimately (as observed) producing a time-to-peak longer than the streamer
transit time. This process is represented by £q.3.15; the relationship between the time

to peak and the growth rate is discussed later.

4.1.5¢ §-like Event

There is evidence (Fig.4.10) for a process somewhat similar to the S-process des~
cribed by Marode (1975a): A short almost vertical rise in the conduction current is
cbserved to occur simultaneously with the burst of current already associated with the
arrival of the streamers at the cathode (section 3.4). This is occasionally present in

measurements of this kind, where the peak in i occurs after the streamer transit. But

c
the similarity is not perfect. In Marode's experiment, the § - event produces the highest
conduction current in the discharge, whereas in the present extreme case the conduction
current continues rising. This bears on the debate surrounding the establishment of the
glow in the channel.

Marode argues that the 8 -event accom panies a potential redistribution along the
channel, the compensation phase. This is supposed to be due ta the difference between
the cathode fall voltage and the streamer tip potential travelling down the channel as an
ionising, or return wave, after which a resistive phase is entered, where there is current

continuity along the entire channel. Marode's measurementssindeed support this view.

There cannot be current continuity in the present case, as (Fig.4.10) the current rises
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following the § -type event observed, as discussed below.

4.1.5d Current Continuity in the Compensation Phase?

Applying the analysis of section 3, the currents induced to the various electrodes
can be found if there is current continuity along an axial channel, for letting the current

everywhere be j, one can write for the displacement current:

rid-n '
2 'fj Eqdr - J[Zr * %dﬁﬂr)lo. J(dd_“-doTn) ® Equn

And thus it seems, from a fundamental analysis of the induced currents, that for a
single axial filament if the current is the same throughout the gap, then there would be
identically zera displacement current. The above analysis of course needs extending to a
branched streamer system. Considering a segment r : r)<r<r, containing m channels of
current jk where there is continuity of current (ij = J), if one notes that the first term
in the integral in Eq. 4.1 does not depend on the radial position in the gap (r is an axial
coordinate!), and that the f(r) term will only have an appreciable value near the point
where there will be a single discharge channel (and hence the radial variation in f(r) can

also be ignored), the displacement curent Sid‘ for the segment involved can be written:

55, - Z Eldrs 2 [ ] Eotd

With rI#O, this evaluates to %%,:@)Jand (s‘.-d_é_'_)\f for r;=0. So it can be
seen that for the whole discharge, the incrementagid' add up to (d-n)J/d, which nicely

cancels the -(d-n)\)/d term from the needle-end (r 1=0) Thus it follows that if there is
current continuity, there will be no displacement current whatsoever.

In all the events recorded, there is always appreciable displacement current well
after the streamers reach the cathode, and any return wave has long since decayed
away. Therefore it can be inferred that current continuity is NOT established along the
channel, conflicting with the observations by Marode in small discharges.

So this S-llke event does not establish current continuity along the channel as in
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Marode's work, but it does coincide with the cathode impact. A return wave has already
been associated with the perturbation in the conduction current (section 4.1.3b). It
seerns reasonable to argue that this s-uke event is also a return wave, but that the re-
latively steep rise at these low pressures and high reduced fields is probably due to the

greater conductivity of the channel in this case.

4.1.5e Attacdment Rate

There is a tendency at low pressure and high E/p to exhibit a slight drop in attach-
ment frequency fram the initial value, evident in Fig.4.9, which is exaggerated at higher
reduced field and lower pressures (Fig 4.11). It is suggested that the appropriate value of
the attachment frequency is the later one, (a) because it is constant for much mare of
the record than in the very first portion (except in very extreme conditions) and (b)
because the charge generation is more likely to be zero in the later portion of the curve.

A possible explanation for the decay in attachment frequency in the early stages

of the discharge is that it has been found from the reduction of @_. In the early stages,

g
particularly at low pressure where the conduction current is appreciable for longer on
account of the reduced attachment rate, there will be an additional reduction in Qg due
to the physical removal of charge fram the channel. So Qg will drop a little more rapidly
at the start of the decay of the channel, over and above that expected from the attach-
ment observed later on. An extreme example of this process is shown in Fig.4.12.
Throughout this study, the attachment rate has been found by using a simple least-
squares-fit to the Qg data. In all but the most extreme conditions this is entirely reason-
able, for the maximum charge extracted fram the base of the channel beween samples
might be ~-320pC with a 16ns sample time and 20m A peak conduction current. The cor-

responding value of Q_ can be as high as B00nC, though something more like 50nC is

9
more typical, and might decay at typically 3MHz in 16ne>2.3nC. So except at parti-
cularly low attachment rates, where the conduction current persists for a very long time

and Qg decays by less in a sample interval due to this attachment, no difficulty is ex-




51

pected to arise from the loss of charge fram the channel base and the least-squares-fit
method is satisfactory.

Many different streamer current profiles are seen, depending on the field,
pressure and propagation distance. But it can be seen from the foregoing that the
general features of ail of them are similar. The variation in the shape of the individual

curves is largely due to the different attachment rates and transit times.

4.1.6 Growth Frequency

The first thing one notices about the Q records is the amount of noise. The
reason for this is that in calculating Q comparison is made between adjacent samples of
Gg’ itself produced from adding "simultaneous" samples of ic and iy The scatter in 8Q
therefore represents sampling error.

fig.4.5 shows a sequence of Qg and &G records as the streamers first of all just
cross the gap and then grow successively more and more strongly. The growth of a large
and extremely narrow spike in §ais very satisfying evidence that the charge injection
from the cathode has been very successfully separated from the background of the free
charge remaining on the channel.

The general behaviour of Og from the simple mode! outlined in section 3.5.6 is
clearly shown in this sequence, and shows up in 3@ also. The sub-stability field
streamers die all the way to the cathode and this shows up as a reducing Sa.

Likewise 8Q rises for growing systems. These curves are found by using the attachment
frequency calculated in the decaying channel. In this case the loss of charge from the
base of the channel has been explicitly taken into account as is plain if the defining

equation for J@ is recalled:

t.

2. (a-f wa)e L 5.

€, (3.14)

Thus the difficulty raised above with the attachment rate at low pressure has been

overcome. In this case the correction matters, for in the early portion of the discharge
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there is more conduction current than later on when the attactment is found.

The synchronizational error responsible for a single narrow negative spike at the
outset of the Qg record seems to the SQ algorithm to be a sudden injection of charge,
followed by a sudden removal of charge. The result is that there is a large neqgative and
then positive spike in $a. a positive spike in Og will produce a positive and then a
negative spike in 8Q. These correspond to the single spike in Qg which was an artefact,
and (again) are ignored.

Finally, one notes the slight tendency for 3Q to edge above the axis right after
the streamer transit (Fig.4.13). This is due to the attachment frequency falling slightly
from its value immediately after impact with the cathode. As discussed above, this drop
is due to residual conduction current making the attachment seem greater early on. The
value of the attachment frequency used in calculating 5Q is lower than the actual value
just after cathode impact. There will be more charge removed fram the channel than
predicted using the lower attachment coefficient. Since &ais thought to be zero in this

region, using £q. 3.14 to find $G will result in 8 positive value. \
\
The amount of information represented by the e curves, information further-

more directly related to the growth of the streamer, and corrected for the removal of
charge from the base of the channel; such as the initial decay, take-off of growth or

decay depending on the external field, and charge injection from the cathode, shows that

of the available quantities, this best represents the growth of the streamer.

4.2 Pre-breakdown Corona Modes

As the breakdown field is approached, new corona modes are observed nommally
involving a change in the observed current. These phenomena have the appearance of
choked-off breakdown processes.

There are a number of difterent prebreakdown modes; the corona can exist in
distinct states, which can be stable over periods of minutes, or can switch intermittently

from one state to the other every few seconds or so. In an attempt to elucidate the dif-
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ferent conditions under which the various modes were exhibited, a case study was made
of the 500torr behaviour and this is presented in section 5.
The general form of the various modes is discussed here. It should be remembered

that the discharge current growth is limited by the series resistor.

4.2.1 Temminology

Since some of the mode parameters are peculiar to the present electrode geo-
metry some definitions may prove useful. The classic streamer discussed above is called
primary streamer to make plain that this is the usual mode observed (at low reduced
field). Secondary streamers as identified by Marode (1975), Hudson & Loeb (1961), etc.
are not studied in this section - they properly belong to a discussion of classic streamer

development. All the prebreakdown modes involve an increase in the gap current.

Mode i: This has been termed "second corona" and has a large conduction current event
growing out of the primary streamer (before the channel has quite decayed).

Mode ii: Called a "delayed second corona" as it has some features in common with Mode
(i). Asmight be expected, there is a distinct period between the primary and the delayed
second corona where no current growth occurs.

Made iii: Called "multiple second corona" or the "multiple" or "high-frequency" mode
since this represents the main characteristic of this mode; it is basically several events
of type (ii) in rapid succession. Fig. 4.14 sunmarizes the differences between the various

types.

4.2.2 Mode (i): Second Corona

As the field increases, the first new phenamenon observed following the return
wave involves a discontinuous jump in the conduction rurrent (Fig. 4.15). This always
occurs something like 50 to 100ns after the streamer transit, and cannot therefore be

simply a large return wave (see for example Fig.4.15) where a perturbation in the con-

-~ e -
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duction current, coinciding with the return wave proper, can clearly be seen 80ns before

the regeneration of the channel). .

4.2.2.a Regeneration of the Channel

The second corona current is large, compared with that of the primary streamer.
The first feature of interest in the second corona is that the current undergoes a large
and fast regeneration.

Meanwhile the electron current, ie which was dropping away very rapidly before
this regeneration of the channel shows a tiny increase by comparison. Since both ic and
id are changing very rapidly, and in opposite directions, even this feature is probably a
synchronization artefact.

The displacement current shows a positive excursion simultaneous with the re-
generation of the conduction current; as discussed in section 3, this shows unambiguously
that this event is confined to the region of the needle-end. Furthemmore if such a large
ic record can be obtained, with little or no corresponding signal in ie’ then the spatial

extent of f(r) must be quite small indeed, confinming the position taken in section 3.

4.2.2.b Appearance of the second corona

Visual observations of the discharge, when the current records exhibit this
feature, show it to contain a single bright channel, in the lower portion of the gap, ex-
tending from the point. This regeneration of the channel base clearly represents the
early phase of a regeneration of the whole of a single filament in the lower channel (see
below under "growth of second corona”, section 4.2.2.e)

Qualitative observations suggest that, like return waves, this phenamenon aiso is
more readily expressed at lower pressures. At higher pressures the channel can never-

theless be regenerated, but with lower probability.
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4.2.2.c Attachment rate/heating from the discharge?

It can readily be seen fram the Qg curves of such an event that the attachment
frequency is lower than before; the slope of the curve is considerably shallower after the
second event. Owing to the possibility that the channel has been heated, and therefore
that the electron drift velocity (because of the change in pressure) is undefined, the new
attachment coefficient cannot be determined from the attachment frequency. Using the
old attachment frequency to calculate 8Q leads to a negative displacement of the second
portion of the curve. The old attachment frequency implies a net negative in-jection of
charge - a consequence of the lower real attachment frequency. This feature is shown

unambiguously by the low pressure event in Fig. 4.16.

4.2.2.d Detachment or ionization?

A question to be addressed is whether or not this very rapid growth in electron
density is associated with a new ionizing regime, or with some process whereby electrons
detach fram pre-existing negative ions.

lonization and detachrment both lead to an increase in the electron charge. The
distinction between the two is rather more subtle, the electrons have been removed from
different species and thus the energetics and dependence on gas camposition or ionic
state became important: detachment from negative ions may proceed by a larger
number of routes than the ionization of neutrals, and requires less energy (Elliason &
Kogelshatz, 1986).

Neverthless, the peak in the conduction current associated with the regeneration
of the channel base is larger than the initial conduction current peak. This difference in
size can at times be exceptionally large (see e.qg. Fig.4.18) and it seems unlikely that
detachment fram the negative ions created during the transit of the primary streamer
can account for all the electrons freed in the second corona. Hence some fresh
ionization must occur to provide the balance of the electrons.

Finally the camparison with secondary streamers must be ruled out categorically;
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secondary streamers are entirely a decaying current regime. Spectroscopic evidence
(Hartmann, 1974) shows the electron energy is too low for there to be any ionization in
the secondary streamer. This feature is associated with a decaying channel from the
primary streamer and would always follow primary streamers which crossed the gap. The
second corona is not always produced and is an increasing current regime, and cannot,

again, be a secondary streamer.

4.2.2.e Growth of Regenerated Channel

After the initial rapid regeneration, confined to the base of the channel ig then
begins to increase, though more slowly, producing a broad peak in the ie record
(Fig.4.15). There is often a time delay of some ns be..re this occurs and further attach-
ment in the body of the gap reduces ie in the interim. The attachment frequency during
this period does decrease slightly as can be seen in Fig.4.15 by comparing the decay
curve before and after the small perturbation (which in this case is probably an artefact
as discussed in section 4.2.2.a)

This broad pesk in ie, unrepresented in ic, shows (section 3.4) that the ionization/
detachment processes are occurring beyond the point region and by implication suggests
that a new ionizing/ detaching regime is developing probably along the single bright
channe] observed visually. Other evidence for a growing channel is the width of the
second corona conduction current pulse. If the current were all confined to the base of
the channel - as it clearly is at the outset of this event since thre is no correspondingly
large electron current signal - then i would contain only an impulsive signal - the elect-
rons would drift to tl‘we anode very quickly. In order to provide the electrons to sustain
the conduction current (observed in second corona records to last quite as long as
primary streamer conduction currents), there must be a channel growing from the point.
All this points to the spatial growth of the second corona.event.

The delay between the inception of the second corona and the rise of the broad

peak in the electron current, already touched upon above, is a very interesting
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phenamenon. After the perturbation associated with the synchronizational errar when
the second corona occurs, the attachment frequency can clearly be seen to reduce
slightly. Once the second corona has begun to propagate into the gap, its growth picks up
very strongly, indicating that same property of the gap is enhancing its growth. The view
advanced here is that the remaining electrons in the "old" channel are responsible. The
density of free electrons near the point will be low, as they are most effectively swept
out of the gap here. The electrons at the point will have been generated further out in
the gap as the time lag between first and second corona increases, and consequently will
be more heavily attached. The density immediately near the point will thus increase as
the second corona propagates out into the gap. This will explain the enbanced growth as
the second corona travels away fram the point; the conductivity increases as the point is
left behind. The larger free electron density will mean that a streamer tip, for example,
will not need to produce secondary electrons, and will propagate very much maore vigor-
ously than in a lower electron density.

No information on the speed of this phenamenon is available, as the distance it has
propagated is not known, and streak or photamultiplier techniques were not used. But
visual observations suggest that the length of the new channel could be about half the
gap length, occasionally more, and the current records show this occurs in times of about
4 to £ of a streamer transit time suggesting a speed about the same or slightly less than

a classic primary streamer.

4.2.2.f Explanation?

This raises the intriguing possibility that this is in fact a new streamer, forming
after a delay much shorter than the ~100us expected from observations of primary
streamers, and guided into a single channel by some mechanism. Certainly the regener-
ation responsible for it produces a conduction current pulse larger than seen from
primary streamers and once these electrons have been neuttalized st the needle-end,

enough positive charge will be left to produce a streamer tip. Though how concentrated
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this is, is again left open.

The growth of the regenerated channel, and its propagation into the gap is so
similar to the features of primary streamers that this new corona mode has been termed
a "second corona", to distinguish it from a secondary streamer and to tentatively asso-
ciate it with "subsequent corona” in long point-plane gap impulse work. Certainly the se-
quence of events; (i) a burst of conduction current identified as being near the tip, (ii)
free electrons generated in the body of the gap and (iii) a continuing supply of electrons
to the point from the discharge; is strongly suggestive of at least an ionizing or detaching
event which propagates out into the gap.

As the field and gap length increases (section 5.3.3), successively larger
regenerations, or further coronae are seen (Fig. 4.17). This violent growth of
conductivity in the gap is strongly indicative of a stifled breakdown. This topic is

considered in more detail in section 6.

4.2.2.9 Second Corona Reach Cathode?

An intersting feature remains to be discussed. Occasionally a small increase in i,
(Qg) is seen (Fig.4.18) in the later stages of the propagation of the second corona. This is
not present in i, and so by analogy with primary streamers, can the second coronae
possibly have reached the cathade? This feature wauld then represent electron injection
from the cathode.

This is discounted for two reasons, firstly the feature is too small: charge
injection fram the cathode due to the primary streamer arrival is much greater, and
secondly there is no sign of a return wave signature in the conduction current record, as
has already been shown to be present when the primary streamer reaches the cathode.

As discussed in section 3 this last feature, having no corresponding increase in the
conduction current record cannot be occurring anywhere near the needle-tip, nor as just

indicated is it identified with the arrival of the second corona streamers at the csthode

and so it is thought that it must be a further ionizing event started entirely in mid-gap.
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4.2.3 Mode (ii): Delayed Second Corons

With a low trigger level only the first streamer mode was seen, but by turning up
the oscilloscope trigger, on a short time-base, higher current pulses could be observed,
suggesting a bi-modal distribution of corona. These pulses had conduction currents which
rose on timescales comparable with primary streamers, but were of larger amplitude.
The displacement current as a result was more positive-going and less negative-going
than its primary streamer counterpart.

Observations with Jonger timebase showed that rather than there being a bimodal
streamer distribution, the second corona (Fig.4.19) was occurring up to Sps after the
primary streamer had completely decayed. In cases where the second corona seemed to
be in isolation, it is inferred that the first corona had escaped the oscilloscope
"window". The delay variability is discussed below (section 5.3). The visual appearance
of the corona in this mode was exactly the same as for classic streamers, and contained
none of the bright channels observed in the more rapidly generated second coronae dis-
cussed above. The likelihood of observing this delayed second corona was very low com-
pared with that of observing the accompanying classical corona in isolation.

4.2.4 Mode (iii): Multiple second corona

The corona could switch into a third, high frequency mode, where not just a few,
but very corona pulse displayed multiple second corona-like pulses. This mode was
intermittent and could cut in and out irregularly. A typical current record is shown in
Fig. 4.20. The intermittency suggests it is dependent on same gross parameter of the
gap, which can stabilize the mode - the discharge had to be running for a while before
this made appeared. This irregularity made observation difficult though.

The visual appearance of the corona in this, third mode was different from that
observed when an isolated second corona pulse was present. It appeared exactly the
same as normal corons, except now the whale discharge ws much brighter than usual.
Isolated trains of subsequent corona were observed right down to onset, though with low

probability (see case study, section 5.3). The high frequency mode is clearly just this
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phenaomena occurring repetitively.

The difference in the appearance of the corona could possibly be attributed to the
second corona in this case, being started in an inactive channel. When the event causing
the inception of the second corona occurs in a channel with significant electron density,
perhaps there is a tendency to guide the corona along the highest current channel, where-
as if the channel has decayed so far that there is insignificant electron density, then

perhaps the guiding effect is less pronounced.

4.3 Breakdown

Experiments to determine the breakdown field were carried out, with the instru-
ments disconnected, and the charging resistor out of the circuit. Determining the break-
down field is not an easy measurement with a d.c. corona, for the high repetition rate
means that very low breakdown probabilities can be detected. Defining the lower limit is
virtually impossible. One breakdown in a five minute period was observed at 3.62kV/am,
(6v/om.torr at 600 torr) well below the usual level of about 7kV/om (or~9.2V/om.torr at
S.T.P).

The probability of second corona was also investigated and the results (Fig.4.21)
plotted along with the breakdown field. The suggestion is that the formation of second
corona would ultimately lead to breakdown, but is prevented from so doing by the series
resistor. This is certainly the picture at high pressure.

At lower pressures, a further, interesting observation is that the gap will not
break down even when second corona is observed, and the resistor is out of the circuit.

The explanation may lie in the availability of energy in the gap. To obtain a part-
icular reduced field does not require as high a voltage on the cathode at lower pressures
as it does at higher pressures. So the stored energy in the gap is less at lower pressure.
Since a breakdown event is faster than the 10ns or so required for the recharging of the
gap capacitance then the principal source of energy for the breakdown is the stored

energy in this capacitance. At very low pressures not enough energy is present at re-
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duced field otherwise capable of producing breakdown in the absence of an energy limit.

4.3.1 Enerqgy Limit

In the event shown in Fig. 4.16 (#418B.3), the total charge drawn by the external
circuit, fiedt + n/dficdt, i8~23.6nC, compared with ~110nC stored on the gap capaci-
tance at this field. This amounts to something like a 20% drop in applied field and is sig-
nificant enough to explain the failure of the gap to breakdown. Note though that this is
not Qg’ which may be a good deal higher than this figure before the applied field begins

to drop, depending on ji ot

4.4 Sunmary

The first section was devoted to classic corona, corresponding in general with the
description to be found in the literature of "positive corona streamers"”. The general
features of current observations of these are discussed, in the light of the induced
current analysis developed in section 3. The wide variability of the appearance of the
streamer currents as the field, pressure and propagation length are varied, is shown to be
mainly due to the same phenomena, differences being due to changes in the attachment
frequency and transit time.

Thereafter, it was found that as the reduced field increases, different corona
modes are seen. Indicative of further current growth occurring after the primary
streamer channe!l has begun to decay these phenamena are associated with pre-
breakdown. Close analysis of the induced currents (again following section 3), shows the
mode occurring at the highest field to be due to a streamer-like event, born at the needle
and subsequently propagating out into the gap. Visually this mode (mode (i)) is associated
with the presence in the discharge of discrete bright channels, which are not present at
lower reduced fields. This mode appears to depend upon the electron density in the

channel. The major difference beween it and the lower reduced field modes (ii and iii)
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with longer inception times, 2 that in the latter case the channel has almost decayed
before inception.

Breakdown measurements with the high voltage charging resistor either in or out
of the circuit (Bicknell & Shelton, 1985) show that the breakdown is being choked-off by
the shortage of energy in the cbservations just described; the gap would usually
breakdown if the resistor were not present.

The next section considers in detail the way in which parameters characterizing
the classic discharge are affected by the ambient conditions and particularly by the prop-
agation length. A case study has been made of the many different corona modes in the

pre-breakdown regime, to try and elucidate their dependence on these same parameters,
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sSection 5: Exgerimiental Results

Introduction

In this section the tulk of the dato obtained is presented in graphical fom:. The
considered parameters include peak concuction current, streamer velocity, attachment
frequency, maximum free charge, electran injection from the cathode anc attachment
frequency {coefficient). An interactive comiputer program was used to analysc the data
{Appendix AY which v.as stured in a dats base reprocuced in Appencix B. The data refers
to what are termiec here "classic streamers” or those streaniers generated hetweer onset
and breakdown. As breakdown is appruact:ed the streamer behaviour becomes n-ore comi-
plex and this Lehaviour is considered as a separate iten at the end of the section. \Vherc
sppropriate sor e discussion is presented but more detailed discussion is reserved for sub-

sequent sections as indicated.

5.1 Treatiment of Cata

In most cases, four corona events v ere analysed for each set of experiniental con-
ditions; gap length, pressure and field. F or consistency, dry air was used throughout. For
some combinaticns of parameters, 10 or more events were analysec. In some cases, not
all events recorded could be analysed fully and only some of the derivec quantities are
available. For example, while all strean.ers have a3 velocity, this cannot be measured by
time-of-flight for those which do not cross the gap. As a result there is no velocity data
for certain ranges of parameters. Gecause the recuced onset field increases with falling
pressure, for certain fields at low pressure there vas no corona whatever, and again no
parameters are available.

V'here a ciscrete value is obtained, (i.e. all parameters except attachaient and
growth frequencies, then the mean and standard deviation of the nieasurements were

plotted.

In the case of the attachment and growth frequencies, being obtainec fron. a
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least-squares tectinique, an error dT could be obtained for each experiniental point, x
Platting these indivicual mensuren:ents, since the range of experiniental errors vos voide
and the values not o little scattered, gives a confusing picture. bience @ weighted niesn
of the means and stancard deviations of the rav. derived results are plotted, where the
weight is the reciprocal of the fractional error of the point, v,i:xi/afl. The means and

stancdard deviations then become:

The effect of this weighting is to emiphasize the measurenients having the
smallest error, without actually eliminating any one point. A, Jd since the mean of the
indivicual errors is used, @ represents the range of the vhservations, not the errar of the
mean, as for the other (discrete) data. \’here the points are so close together that the
error bars make the graphs confusing, only the points are plotted. \/hen this is
necessary, the spread of the data is generally wider than the accuracy of any one par-
ticular measurement and hence the underlying variability is not affected; it is, on the

contrary, highlighted.

5.2 Classic Streamers

5.2.] Conduction Current

Fig.5.1 reports the variation of peak concduction currents with £/p, pressure and
propagation length. [Cata below. 400 torr are not plotted, as the s-evnnt cisrupts the
measurerent.

The data tend to a limiting value after the stability field is attained, except that
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obtained at 5.2am, which may not have levelled off at the recduced fields stucied. Vithin
it must be stressed an extremely large experimental spread and at 400 torr and alove,
the limiting value appears not to depend on pressure, but on the propagation length,

Fig.5.2 shows a plot of the limiting value of the concuction current peak arainst
propagation length, d. [t shows a niinimur: at somewhere around 15 to 16 ans. Thougt is
miust be observed that the range of currents of between 8 and 20m A is not wide, cigital
sampling error could contribute significantly to the uncertainty in the maximum value of
ic measured, and the large error involved may mean that the rise in ic(n:ax) at higher ¢
may not be significant. The increase in the limit at low d though, is too steep to be
ignored.

Maroce (1975a) reports a typical streamer current maxima of arcunc 50mA or so,
for prebreakdown point-plane systems lam or so in extent. Though the influence of
vibrational states may be invoked to explain some of this increase (from enhanced ion-
ization, or other mechanisms), the magnitude of the increase does in general confirm the
trend to higher maxima at lower gap length.

The difference compared with the point-plane work of M arode is particularly
interesting, since in point-plane work it is consicerec that the corona current is de-
pendent on the potential of the tip, rather than the average field. So it niight be argued
that the three electrode system used is sufficiently similar to point-plane geom.etry that
the actual voltage on the needle is crucial. The gap in the present study is "inverted"
with the voltage applied to the cathoce, but nevertheless the voltage difference to estab-
lish a particular field will increase with the separation of the electroces. Analogy with
point-p:lane geometry would imply a uniform!ly increasing stresmer current at the same
field as the gap length goes up. The distinct fall in current as cistonce increases very
cleurly shows this analogy to be groundiess. (It can also be argued that at a given E/p
and d the veoltage point above the cathode voltage must crop as the pressure drops, to
maintain C/p. This would imply a lower value of i (max; using the analogy with point-

plane findings - again this is not seen in the Figure.)
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The topic of the conduction current maximuim is taken up in the ciscussion, and
v.hile the [ov gap length arm of the curve (Fig.2.2) niight be expliceble as a geometric
factor, the possibility that it can subsequently increase vith distance cannot be explained
by supposing residual current to reach the point from the rest of the enlarged streamer
system, for the peak occurs in some 100 to 200ns at most. Clectron drift specds of even
50km/s mean that at most the first cm of channel only can be responsible for deter-
mining the peak ini . Thus the suggestion of a variahility v.ith length over and above the

first few cm is quite extracrdinary.

5.2.2 Streamer Velocities

Fig.5.3 shows plots of streamer velocities against €/}, for various prepagation
lengths and pressures, found by time-of-flight. V'ith the exception of the 5.3cn data, all
the 600 torr velocities lie on the same curve. At 50C torr, the stody is the sanie, except
that the tendency to lover streamer velocity at 5.3cms is also shown, theugh less
strongly, by the 10.3cm data.

Fig.5.4 shows a family of curves, each at a different value of £/p, showing Vg 85 @
function of pressure, for the 18.3cm data. There is a very interesting minimun: at sround
400 torr, but only for an E/p of 8.5V/cm.tarr; at lower E/p there is only a point of inflex-
tion here.

Streamer propagation velacity is an easily measured but clearly very complex
parameter, and no satisfactory theory of streanter velocity exists. The rise in streamer
velocity with reduced field is self-evident, for the electron drift velocity will be higher.

Explaining the minimum in velecity when plotted against pressure at & given recuced
field is not easy, but it may Le possible to show qualitatively how the miinimum comes
about by considering the time to create a secondary avalanche.

A particular property of this minimum is that it occurs only at high recuced

field. The curves might be considered to be a general reduction in streamer velacity as

pressure increases, with an E/p-dependent enhancement which increases strongly with
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pressure above 5GC torr.

5.2.3 Free Charge

To provide an easily cefined parameter to characterize the streamer growth, the
maximum free electron charge, Gg(maX) was measured. This parometer does not appesr
to have been nieasured in this way by any other investigator and hence thie vay it varies
is of interest.

The maximum in Gg’ hcveever, is something of a hybrid, representing as it does the
free charge residing on the channel and from cathodic injection. It is no easy task to
separate the cathodic injection by sight from the background of the growing streamer
systemy, and so the easier-to-identify-paran:eier, the maximun,, was measured. This is
something of a compromise, but the unambiguous definition of the maximun was pre-
ferred to the more subjective measurement which would have arisen from trying to ce-

finc the separation point between the growth in G and the charge injection from the

g
cathode. Anyway, the charge injection can, in principle, be more satisfactorily measured
from the size of the narrow spike in the 8G records. (see below section 5.2.4).

Fig.5.5 shows the variation of Gg(max) as a function of E/p at various propagation
lengths and pressures. In the figure it can be seen that after the stability field is passed
the gap charge rises exponentially through a decade for an 0.1V/cmi.torr increase in
E/p. Cxcept for the 5.3com data this scems to be indepencent of propagation length: all
the data lie roughly on the sarme curve. This shows the strong increase in charge once
the system begins growing.

Beyond 5V/cmi.torr the data separates and a strong propagation distance depen-
dence sets in, with weaker growth as a function of £/p. Replotting the data as a function
of propagation length results in an (almost) exponential increase in Gg with distance
(Fig.5.6). The strong grov/th of Og(max) with distance would suggest either that the
charge on the channel, Og, is consicerably larger than thai injected from the cathode, or

else that the charge injected from the cathaode is proportional to Og. This might be

P —



78

Qg(max)nc

g —

key 85V/an torr | 68V /cm oty
800torr [ .Y
Sidtorr s o
400torr L 0
Aotorr A J v
200torr ] O

103

102

10

Fig. 5.6

e A




— = W

Fig. 5.5
Qg(max)nc 79
- - T d 10-
. key: 183m | 164m | 103km | S3m
ory a 4 A 4 ‘ )
SS0torr A a
S00tory a a n
Shtorr 8 a 18.3cm
400rorr -] o 1
Blorr ] 0]
X0torr v v 1
20orr v v
2oy ¢ O
v
10
o
i" ]
-
4
v
v
01
*
i1
: £ 1 tore-1
P (V/em™! torr™)

~t




- it Ty - - - 7T

accounterd for as follows.

5.2.3.a Tip/Channel Charge Ratio

Redefining the coorcinate fran.e such that the end of the streamer is at y=0
Fig.5.7), and consicering the electroce to be an infinite distance away i.e. that all

clectrans attach before reaching the anocel, the channel function, X(y) can Le written:

Aly)= AlYep[ 1G] - y=50-Y).
A =JA(3')“F[_7(T7')de * [A{("{).‘f}"‘f’["w%]dj (5.2

which can easily be evaluated for a particular forn: of Alyl. This will bolc for a branched
streanver systen, as well as for a single channel; for consicering a horizontal slat throug!
the discharge, and taking the idealized viev. of the per-unit-field distribution nutlhined in
section 3 the induced current is just that from adding the currents incuced from the in-
dividual filarments. Gg is just the total charge in all these filaments and the attachment
will always Le proportional to it. The growth will depend on the size of the individual
streamier tips, Lut this will affect the situation by changing the growth function Alyl,
which is what one hopes to measure - hence there is no need to build into Aly) the in-
fluence of the tip potential distribution.

The principle questior is whether this integral will give a result proportional to
A(y=0), that is to the size of the tip. Assuming the charge injection from: the cathoce to

depend at least on the size of the tip also, the maximum in G, evaluated at sonie part-

icular reduced field vould then be proportional to the total streamer tip charge even
taking the channel in to account. V'ith a constant growth rate, Aly)zAf, this evaluates
LOA/’/! (writing ﬁ:'z‘v'/vs). V/ith an exponential growth rate, Aly)=Aexp ¥d-y) (y is defined

hackwards along the ctunnel: AGC whexp®x; x=d=y where ¢ is the lnngth of the channel).
g LA Y G

A [oxpati s pidty = A [expafat-Dofespieps)et
- ./Lzar?fd/( z(l-]£)+ 8-

-~ - -
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Using a power furction is not os tractable a preblens, substitaling AT T2 Alo-y" "

into £.5.2 [x=c-y', as a'.ove) and integrating by parts yvields:

Weptais- A (Y e

AL Yal p) ,{ (100 0Y0)) ot

R A
\Voriting Uw = foj‘_(d -(l~%;)y)'?¢*f~('ﬁy)dj

the above ¢ives the recurrence relation:
U - Ad (V) Thet U%

If Unog;\(y':C), the size of the strean.er tip charge, then this implies Uncx(!r'. Tlearly

-
~

£q. 5.4 is irconsistent with this even for n=], as then l,'l:‘%- Mlﬁ) In ST units
typical values are: ¢~0.1m and /SA-ZOm-].(l-V/VS)‘VO.'?, and so these terms are of nearly
equal size. U, is not even g¢pproxiniately & d, as viould be required if the tip charge
were to be propartional to the channel charge.

So the maximum gap charge and the system size prior to impact will be propor-
tional if a constant, or an exponential growth is assumed, but not if a power-law is used
for the strearmer function, A(y). The almost exponential growth in (Zg(n.ax) with distance
suggests an exponential growth function, Aly} as the two woulc then t:e self-consistent.
This analysis depends on the channel having decayed to zero free charge at its base by
the time the cathode is reached. This is clearly not the case for the 5.3om systems
stucied (see e.g. Fig.5.5, and so this analysis breaks down ot 5.3am. This will explain the
fact that the 5.3 data co not coincide with the rest at fields slightly above stability field
and will also explain the apparently steeper growth of the spatial Og(max7 curves
(Fig.5.6) in the early stages.

The aln:ost exponential spatial growth (Fig.5.¢) underscores the difference be-

tween point-plene anc uniferm field corona. In this study, the strean.er growth seenvis to

L
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be exponential with distance, it plying for constant velocity a growth rate proporticnal
to the systeir size. This can be compared for exaniple with the colculated tip size ob-
tained by Cullimberti (1972¢) (Fir5.5.8) winch rises and ther falls in the highly ron-

uniforini rod-plane field.

5.2.4 Charge Injection

The charge injecled by secondary processes when the strearmer reaches the cath-
ode results, as discussed above, in a large, narrow spike in the SC curves. This appears to
be a well-defined parameter and its size has been measurecd, Dut a slight v.arning ought
to be attached to this data, the records are digitz! anc the peak in SC? is very narrov. - o
fev. saniples. So whilst it is fair to say that only one experimiental parameter (id) is
varying at all rapidly when SG is found, the error in the maximun: may still be fairly
large.

Fig.5.10 shows the variation of this parameter with pressure, E/p and propagation
length. The behaviour of & is broadly similar to that of Gg’ though this similarity reaily
shows how strongly both depend on the system growth. The magnituce of the charge in-
jection rate is very high, ~ anips, but of a shart duration, ~10's of ns. A 1 amnp pulse of
current lasting (cypically) 32 to 48nS will inject 32 to 46nC of negative charge into the
gap.

Even 1C0 streamer tips will have a total charge of perhaps 1nC (lO’“coul. each).
Thus it can be seen that the =lectron injection of somie ~50nC frorn the cathode is very
efficient by coniparison with the streamer active region. This is not very surprising if it
is considered that the ionization potential of oxygen is ~16eV, compared with a work
function of ~4.2eV for aluminium, and that the collision frequency for production of &
photc-electron from: the cathode is many orders of magnituce higher than that for ion-
ization of a gas molecule.

In fact, the removal of electrons from the base of tr;e channel will result in a net

positive charge on the channel, and integrating the concuction current yields a value
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of A28 ta 30nC at most for the conduction charge. The ingecticn of electroes froe the
cathode then results in a change from a net positive to a net cegative chiarge on the
channel.

In summary, the charge in the streamer active region o ay Le a little below ~1nC,
but results in ~50nC being injected fron: the cathode cue to the greater photo-
efficiency. The free charge in the gap, (J{J‘, is ~500 to 1000nC in extreme cases Lt the
riet positive charge on the channel is only ~20 to 30nC at n.ost, and the injection from
the cathoce reverses the polarity of this net charge. The charge injection from: the
cathode is so small by con:parison with Og that the value of Cgfn.ax) vill be but little
altered by this. This cxplains the difficulty olUserving the injection of charge frum Gg

records except at low E£/p.

5.2.5. Attachment Frequency

An exponential fit routine was used to analyse the (-Zg cata. The end-points could
be varied in real-time, and a fit obtained over any cesired porticn of the record.
VWhether the data actually follows an expanential formy is i aterial to the fit routine,
which happily calculates a decay or growth frequency for the data sclected. The routine,
though, does find an accuracy figure, following the method outlined by Barford (1967).
The appropriateness of the calculated values, therefore, depends to na small amount on
the portion of the curve sclected, but is represented by the calculated error.

The selection of data is important because the derivation of the attachment fre-
quency requires there to be no generation of free charge in the gap and that the electron
arift speed be known. The data, plotted in Fig. 5.11, were not calculated after any
secondary phenomena (like regenerations), for the possible channel heating might affect
the local pressure, and hence the electron drift speed. At low pressure, where there is
apparently a marked drop in attachment early in the mature stage of the discharge re-
sulting from significant removal of charge from the gap at the needle-end, the end por-

tion of the G record, where the canduction current has niost fully decayed, is preferred
4
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for the calculation of sttachmient frequency. In causes whwere the channel was regener-
ated this is not passivle, for o secondary process has intervenec, but these data aiight he
intercomparable anc so have been incluced. The attachment freguency sought is a lower
bound on the low pressure values.

In general, the calculation was extended to as much of the cischarge as possitle
whilst maintaining a satisfactory fit. The selection of the portion of the decay for the
fit was not normally & problem since usually the cecay in G was satisfactorily exponen-
tial over the v.hale of the record.

The low E/p data at 60C torr warrant discussion. Approaching the stability field,
it would seem that the attachment rate falls steeply as the recuced field approaches this
value, at which the attachment rises abruptly to a very high level, The key is that this
occurs at the stability field - at which the channe} is only just sustaining itself and so
below this cecay of Gg sets in before the channel is dead. The generation of charge is
not zero anc a true attachment rate is not found. This data bas been incluced in the
figure to illustrate this process.

The data have been converted from attachment frequencies into attachment co-
efficients as this is still the more widely used parameter. Further, the reduced attach-
ment coefficient is plotted, for this removes the inverse pressure dependence resulting
from the greater m.ean free path. If a purely two-bocy attachment process operates,
then all the curves should coincide if'l/p is plotted against £/p.

This is almost the case, as it can be seen from Fig.5.11 that V(/p is only lower at
greatly reduced pressure. It would seem that no clear distinction can be made from this
data as to the nature of the attachment process; it clearly involves mainly two body pro-
cesses but is not exclusively so.

The range of attachment coefficients measured corresponds to those found by
other workers, as coes the scatter of experimental points, Fjigure 5.12(a) showing a com -
pilation of recduced attachment coefficient measurements is reproducec here, with the

range of observations covered by the scales in Fig.5.12 indicated by the small rectangle.
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The published cata are evidently scarce, Lut the range of nieasurenient is within the

range of measurement reportec by other authors.

5.2.6 Charge Injection Rate

As ciscussed above {section 3), applying charge conservtion to the gap yields the
parameter 80, the charge generation, or injection rate. Since the data was very noisy
and almost any rapidly growing function coulc be used to characlerize the data vith
equally good (bad) accuracy, for simplicity and computational convenience the cxpo-
nentiel fit routine used to obtain the attachment frequency was also used to find a
growth freguencz,T‘, for the charge generation rate, cdefined fron. the equatidn:

§q = Be'" 5.5

This may prove to have been an unfortunate choice, considering the remarks in
section 6.1 concerning the unsuitability of an exponential for the streamer growth. The
alternative: a polynomial, contains a great many degrees of freedom and considerable
thought must go into ceciding the form of equation to use in the fitting routine, if mean-
ingful results are required. As a first attempt at characterizing the behaviour of this en-
tirely new parameter, SG, an exponential fit is on balance as acequate as any other.
Furthermore, it has the advantage of providing the instantaneous growth rate directly.

Since the charge generation rate depends on the size of the active region, the
growth frequency of this paranieter also represents the temporal growth rate of the
streamer tip charges.

Plotting this very secondarily derived parameter (Fig.5.13} shows no clear trenc
with pressure, or system size, but a broadly linear growth against €/p.

Considering the strong influence of pressure on streamer velocity and streamer
diffusion radius, it is by no means clear that the streamer growth will be independent of

pressure.
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5.3 Pre-Breakdov.n: A case stucy

Turning froe straightforward, classic streamers to the various pre-tireakcown
moces discussed in section 4, the data is fragmentary, and difficult to synthesize.
Accordingly, to try and clarify the relativity of the processes, a particular set of experi-
mental conditions v.as selected far closer study. All the 500 torr data were selected for
the low onset fielc at this pressure means that low reducec field 1easurenents are avail-

able.

5.3.1 Low reduced field/mmultiple streamers

Fig. 5.1& shows a multiple streamer event, obtained at just above onset. The
current pulses are cistinct; they do not run into each other. The repetition frequency is
niuch higher than is normal for streamers {usually kHz). Records of this character were
difficult to obtain as they are seldom observed at low field.

The displacement current record displays the tell-tale character of this type of
corona (Mode (ii)}: as the discharge progresses the pulses have successively larger
positive-going peaks in the id record, the negative-going ones being successively
snaller. This, as discussed in section 3, indicates that the discharge is located progess-
ively closer to the needle-end. Visually though, the corona is similar to classic corona as
might be expected since the multiple mode occurs with such a low probability. The
current records, furthemmore, are indisinguishable from those of the high frequency
mocdes (Mode (iii)), where the streamers are again visually similar but on the whole
brighter than classic streamers. Again, this is probably due to the probability of the mul-
tiple streamer event being greater in this mode.

To try anc characterize the behaviour of this mode, a "dark-time" t gy Wos definecd
{Fig.5.15) in analogy with long gap impulse studies (e.g. Galliinberti, 1979). Either the
transit of the first streamer, or the negative peak in a subsequent corona is taken as the
start of the dark pericd, the enc as the beginning of fresh current growth, In Table 5.1

these dark times, the positive and negative 14 peaks, the reaximum value of Cg anc the

[
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integral of the corresponding conduction current pulse are given, for all the corona of
this type observed at 5CC torr.

The total numibier of pulses observed is small, but it becanes clear that for most
records, the second corona has a larger conduction charge (Gc :ﬁcdt) tihan the first. The
dark time is less between the second and thirg, than between the first and second
coronae. Event number 87.9, however, has a smaller second corona conduction charge,
Q, and has a tonger dark time after it. An inverse relationship then appears to hold in
nearly all coses: other factors being constant, the dark time is reducec and the con-
duction charge increases as the cischarge progresses.

In general,also, the electron charge, Gg, decreases with each subsequent corona
event {the exceptions being events 85.10 anc 418.0, which have the longest dark times,
curing which it is possible that the cathode has recharged a little miore, permitting a
stronger growth in the subsequent corona).

A further, interesting observation is that there is a "dark current” in the con-
duction current records, of between 180 and 280pA (Fig.5.16), though this feature is not

always present. Not encugh data exists to make out any clear trend.

5.3.2 High reduced field/Mode (i)

At higt ar reduced field, the prebreakdown current records {Fig.5.17) look com -
pletely different. The seconcd corona occurs much sooner than at lower £/p and may re-
peat on very short timescales. The events run into each other, rather than being distinct,
as observed at low field. And it will be recallec, the cischarge is concentrated into a
single channel.

The same parameters as for the miultiple mode are shown in Table 5.2. Cefining a
second dark time, tdkz’ is difficult for this data, as the end of the second corona is dif-
ficult to make out. Looking at Table 5.2 one first notes that the cark time, Ll is on
the whole shorter than at the lower reduced field in Table 5.1. Detween the lines of

Table 5.2 (excepting 764.3), the trend is the other way, the cark period increasing
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Lat o4 Tv—v—vv-vv*_ e -

s d Ep ldie ld1- tx  tdk ld2e ld2- fx  Rak Qe Qe Qp
agn V/emborr mA  mA mA  mA C C C nC

85.10 164 $37 1953 3473 1088 2199 3093 282 0750 1688 1264 2047 18359 20915
858 164 $37 2081 >2490 0938 1500 11743 1443 1060 _ 15M 4827 16773 WID
856 164 $37 1861 2606 0547 1114 989 1613 0891 1114 1455 4412 16.065 1342
854 164 537 2500 3127 0844 1125 5527 2473 1.013 0844 0.786 2380 18348 14911
75 164 SE1 8450 16575 0919 1781 2600 5688 065 4875 3297 1.735 82573 31431
874164 5.61 3631 645 0750 6188 12102 2905 0938 2245 >6.838 32601 29.92
418.0 103 75 6396 7.766 0563 2719 19.186 228 0516 2.95 748 22527 24.136

Table 5.1

¢ 4 Ep ldie la1- tix tdk ld2¢ 2o ©x fdk Qe Q@c Qg Q@
an V/emtorr ™A mA mA  mA nC C C o

7643 83 80 17250 5446 0338 0150 12232 041 0469 _ 6742 4.029 1769 SIS
7642 83 80 18213 9396 0375 0.5 12.648 0524 0488 _ 7347 5050 D2 4709
7641 53 8.0 1718 8061 0394 0.124 12207 059% _ 7266 4481 18682 6072
7640 83 8.0 18260 7721 0338 0131 190 112 7.024 6619 21.946 5309
3662 183 85 1422120893 0713 038 5096 _ . - 6806 21,586 486841 232437
3660 183 03 14213130497 075 0319 18.009 5169 0363 0113  7.500 14.625 $36.850 167.236
€183 103 75 10799 30749 0506 0.113 15246 3811 0506 _ 493 1378 106452 798
as1 103 73 10214 29522 0488 0113 11916 3405 0458 _ 452 1306 £2305 4SO
a2 103 839 10701 32352 0488 0.61 31163 _ - - 494 1184 86182 7300
4190 103 839 10409 36432 0469 0133 4684 482 2171  96.051 96.747

Table 5.2
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slightly with increasing reduced field. it this may Le just o reflection of the foliowing:

It vias suggested in section 5.3.1 above that an irverse relationship exists belv.een
Geancty. In this case the concucticn charges megsured incresse very roughly with £/4
and this may contribute to reversing the gross trend tov.urc lower t ., at higher I'/p
which, it must again be stressed, is large and unambiguous. The influence of G is very
much a secondary effect by comparison.

No clear influence of electran charge on dark-time is evident. One naotes, hov:-
ever, that QD‘ is generally recucec for each subisequent corona, while (:C increases. List-
ing the reference numitiers of the records in order of increasing Gg snd then in order of
increasing t , one gets ! 764, 419, 418, 366 for Cg anc {418, 764, 419, 306 for
t. . The electron charge is a r:easure of the size of the streamer systerm anc this lack of
any cerrelation vath T, indicates that the seconc corona inception is incepenident of the
scale of the streamer system.

In fact, the suggestion from all this dats is that the gross f2pencence of the cars
tinme on the applied field arises because the nrechanisy responsitile for the foriat e -
the second corona is the crift of space-charge accun:ulated rear the recdle tp, oot
vill clear faster in higher applied reduced Laplacian fields. This ¢lsc explaing U
secondary trend toward longer dark time at higher conduction charge inthet ¢
data set; there is more charge to clear from: the point.

(ut at low field, successive corona pulses cocur w1 lowr @ el

size of the conduction charge. This is suggestive of the Jeerseo 0
states. Being current cdependent, the Greater dersity f o b o :
conduction charges will increase the e fective ne ot S

corona possible at an earlier stage o the arify ot
The ciffereonce Letv ooe thy visuol oy oot

being much like a high frequercy o

bright channel, extendirg scn ey ot e

channel when the regeneratior - 0 0 ‘
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that the channel is still active. The effect of this may be to juide the secand corona

axially along the tighest conductivity path; along the iiain branch of the streamer
system, that is. That this channel is so very intensc niakes sense consicering the exis-
tence of free electrons along it: when the streamer arrives at a point in the chanrel, it
does not have to generate secondary electrons, there are plenty there alreacy. The
streamer growth would be that much more vigorous as a consequence.

A question remains: if the space charge can ciear frov the point in time to pro-
duce corona only a few pus after the primary streanm:er, why does this happen only occas-
ionally, the normal interstreamer time being of the order of ms? The suggestion is that
the decay by lateral ciffusion, or whatever of the vibrationa] states cecreases the effec-
tive ionization coefficient, to such a level that the spuce-charge has much {urther to
travel away from the point before ionization is again possible there.

It may also be arqued that the streamer channel, if still active, may generate a
more efficient source of starter electrons for the discharge than would normally be
available to an avalanche developing in virgin air {by photodetachnient, or by cetach-
ment from negative ions which woulc otherwise diffuse away,. Hence some critical time
exists, beyond which second carona cannot form, and the usual ion clearing time ‘ams)

determines the corona frequency.

5.3.3 Growth and Magnitude of Second Corona

As already shown, the electron charge, Cg, is very strongly related to the scale of
the cischarge. A question being addressed is how the discharge scale influences break-
down and streamer growth. Though no two measurenients in this data set has been mace
at comparable reduced field, looking at the higher reduced field data rcveals a very ciear

trend.
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Taking the second corona conduction charge #s o easure of the size of the
second corony, und cunsidering the infiuence of electrun charge from the first coruna, it
seerws the larger the electron charge, "'(_;I’ the larger the second corona condiction
charge, CcZ’ whatever the reduced fields. Looking &t the current records visually con-
firms this general behaviour Fig.5.18% The records in longer gaps are, on the whole,
more energetic, the second corona growing more vigorously than in shorter gaps. This is
a very distinct trend, and the influence of Og is very large indecd, the second corona
conduction charge can range between ~5 and 20nC as a result of the entianced Cain
4

fact ranging fron. being larger or smalier than the first concuction charge as a result.

Sunmary

The trencs in the data studiec suggest thut {ad the scale of the discharge !as little
influence on the seconr! corona inception; (b) the cark tin.e hefore the second cerona in-
ception is reduced as E/p increases, incicating that the clearing of the ions fron: the
needle-tip region controls the second curona inception; (¢} since a large concuction
charge can reduce the cark timc, it is suggestec that vibrational states createc in the
primary discharge will increase the effective ionization coefficient, leading to quicker
second corona inception. This is advanced as the controlling process - if no second
corona has been procuced before the vibrational states diffuse out of the chanrel {after
30ps), the ions have to clear in the usual ms time interval. Finally the difference be-
tvieen Mode (i) and Modes (i) and (iii) is suggested to be due (o the channel still being
active for niode (i). With a non-zero resicual free electron density in the channel, a
seconc streamer would have a reservoir of starter electrons, would grow mare strongly
than usual and, furthermore, would be guided dow:n the old channel, producing a single

bright unbranched discharge.
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Section 6. Discussion

6.1 Propagation in uniform field

6.1.1 Conduction Current Characteristics

To explain the time-to-peak and peak value of the streamer conduction current is
a more interesting problem than it would at first seem. Differentiating Eq. 3.15 for the

conduction current yields:

dift)y _ 2,1tV d A(rV)_ A(+V)}
= - Ve {d(tV)( ) 7 Eq.6.1

6.1.1.a Problems with an Exponential Model

If A(x) is an exponential, A(x) = Ben. dAQV)/ d (tV) = FA(LV), and salution of
Eq.6.1 to find the maximum of i, requires thatf:vl . In other words, an exponentially
growing generation function A(x) would lead to the current surviving to reach the point
always either outstripping the attachment, or be overtaken by it, according to whetherJ
is >or < r(, respectively. This is apparently in conflict with the choice made earlier to
fit an exponential to the charge generation rate curves, §Q and suggests that the expo-
nential growth rate assumed throughout the discussion of §Q cannot be correct.

In fact the measured (assumed exponential) growth frequency of §Qis ~5 to
10MHz, greater than the attachment frequency, on the whole. Consequently, run-away
growth in i, might be indicated. But note that (Eq.3.16), §Q(t)=A(v,t)v,. The measured
values, T', of the growth frequency of § Q are obtained by fitting an exponential relation-

ship, JQ(t)=Be"‘t (Eq. 5.5) ta the data. Substituting in E£g. 3.16, and putting x=v,t, yields:

A(x) = (B/v;)e«n/f‘ £q.6.2

which corresponds with the assuned exponential growth in A(x): A(x):Apr‘ (section 5.5.6)
given that A=B/v, and ¥=T'/v,. Hence ¥, the (spstial) growth coefficient for A(x) (~

25m‘1) is below the attachment coefficients (r(..lo&n ~1) measured at the same time, and
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the tail of the conduction current will be predicted to be a strongly decaying current
regime, as is indeed observed.

6.1.1.b Time-to-Peak/Power-Law Model

The behaviour of ic’ as defined by Eq.3.15, can easily be made to peak by using
any function growing more siowly than exponentially. For example, as discussed by
Bicknell & Shelton (1986), a simple power law of the form:

Afx) = Ax¥ £q.6.3
yields a time-to-peak, tpk = n/-lv and the value of this,
iy o)+ AV €T AV
Eq.6.4

Though this still cannot explain the clear levelling-out of i c(m ax) as E/p increases
(Fig.5.2, section 5.2.1), for it is clear that if A(x) grows more strongly, that is if Aor n
increase, then ic(max) will increase also, a prediction of this simple model completely at
odds with observations. (Though at least a peak of some kind is indicated; an improve-

ment over the exponential model.)

6.1.1.c Timescales

The behaviour of the peak in the conduction cusrrent is consdierably compliceted
by the timescales involved. The peak occurs within ~200ns at most and ignoring the
more rapid drift in the tip region, this corresponds to a distance of ~8mm at electron
speeds of 40km/s. Hence the portion of channel which contributes to the peak is close
enough to the needle-end for the conditions there to determine the magnitude of the
peak.

The proposition that it is the larger scale of the streamer systems which is res-
ponsible for the dependence of the conduction current maximum on the electrode spacing
is campletely ruled out by the foregoing, as by the time th‘e conduction current has
peaked, the streamer will, on the whole, have advanced just 4om (at 200km/s) and the re-
maining portion of the channel, not having been formed cannot possibly contribute to the

size of the peak in the conduction current. This ignores, of course, low pressure stream -
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ers, where the low attachment rate causes the peak to occur after the streamer transit.
Even than, for electrons to bavel the shortest channel length of 5.3cm requires ~1.3us.

Whatever the pressure, fram the above discussion it can be categorically stated
that a mature channel does not bear on the conduction current peak, just its lower por-
tion, and generally only the first om or so is involved. In thundercloud streamer systems,
this argument is more forceful: the part of the channel deciding the peak in ic is de-

coupled from the remainder of the streamer system.

6.1.1.d Laplacian Field

How then can there possibly be the obseved dependence of ic(rnax) on propagation
distance reported in section 5.2.17 Or even a peak of any kind, since the streamer
growth seems to be at least roughly exponential (section 5.2.3)? Worse still the simple
power-law model, £q.6.3 for A(x) implies that ic(max), whilst at least defined, will not
depend on the scale of the discharge since this is not taken into account, nor can it ex-
plain the levelling-out as E/p increases.

Returning to the variation of the maximum in i, with electrode spacing, this has
already been shown not to be a result of the longer propagation in the longer inter-elec-
trode gaps, and it is inferred that the Laplacian field distribution is somehow different
near the point in such situations.

The les Renardieres Groupe {(Resultats de 1973) have calculated point-plane per-
unit fields for a 5Sm and 10m electrode spacing with the same conical point (Fig.6.1). The
general conclusion is that the enhanced field region extends further out fram the point in
the small-gap case. Hence it can at least be inferred that the amall gap stramers get
off to a better start and on account of the extended tip-région will r;avel into the re-
mainder of the gap with a larger initial tip potential. The smallness of the region of

channel contributing to the peak in i _means that effects such as this, operative near the

c
needle-end, can have a large influence on the value of the peak. This, at least in prin-
ciple, explains the low gap-length amm of the minimum in Fig.5.2.

In fact, the measurements of Sadik(1980) show that streamers launched from a
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needle at a few kV above the anode potential grow initially as they propagate into the
gap. In this case, the needle is at earth potential, but the ambient potential in the gap at
the location of the needle-end were it not there would have been~En, where n is the
height of the needle-end. This will drop away in a distance (see the le Renardieres
Groupe results) which increases as the electrode spacing falls. So the potential gradient
at the end of the needle is broadly independent of the gap spacing, but falls off more
slowly the closer the electrodes are. This is the effect sought. The enhanced growth
initially will lead to an increasing conduction current, falling thereafter as attachment
takes over from the (comparatively) weaker growth further into the gap once the needle
has been left behind. By then the maximum has been determined, as the first cm ar so
only of the channel contributed to the maximum and the maximum will not depend on the
applied reduced field.

The growth observed in conduction current peak as gap length increases cannot
continue indefinitely and so, given the large spread in the data, this is ignored as not
being significant. Awidealized distribution would decrease from some high value

reaching a constant level as the gap passed some critical length.

6.1.2 Stresmer Growth

The investigation of streamer growth, which was the main object of this study, has
most often been undertaken in non-uniform point-plane geometry. So the slant of this
discussion must necessarily be rather different from that normally encountered in
streamer physics literature.

Studies in point-plane geametry have tended to concentrate on the range of the
streamers, for the monotonic, steep fail in the Laplacian field leads to streamers dying
throughout their life under these conditions. By contrast the streamers can be expected
to grow at a uniform rate in the (quasi-)uniform applied f'elds used in this investigation.
This is dramatically exemplified by the experimental electron charge curves (Fig.5.5),
which show that Q_ increases by an order of magnitude as a function of the discharge

]
scale, indeed increasing exponentially with streamer propagation length.
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6.1.2.2a Growth Frequency,

In an attempt to characterize the growth of the streamer system, the psara-
meter §Q was defined (section 3.5.1), the charge generation or injection rate and it's
growth frequency, , measured (section5.2.6,Fig.5.13). Conceptually this is a little diffi-
cult to visualize at first, but consider that the charge injection (or generation) rate is
just the charge generated in the discharge (allowing for attachment) needed to satisfy
charge conservation per unit time. It is hence representative of, if not actually equal to
the current in the streamer active region. Thus the growth frequency, , of this para-
meter can be thought of as the growth frequency of the charge in the streamer tip
region. This is what has beren measured.

It will be recalled that T' was found, within a large experimental spread, to be
roughly linearly dependent on E/p, and independent of pressure and gap length. Actually
a better formulation for T is ; square-root function, for it must fall-off to zero at the
stability field. Undue significance should not be attached to the particular form given:
the spread of the dats is such that many different formulations may be compatible with

the measurements.

6.1.2 b Spatial Growth of ngmax)

Plotting the spatial growth (Fiqg.5.6) of Gg(max) fleshes out a problem already
implied by the above: how can the spatial growth apparently not depend strongly on the
applied reduced field, when the growth rate (T') increases broadly linearly with the same
parameter? Especially considering that the possibility of a charge or energy availability
mechanism limiting Qg(m ax) is thought (section 5.2.3) to be incompatible with the pheno-
mena, and that the cathodic injection and charge along the channel are both thought to
be proportional to the system size (in the case of exponential growth), and so high charge
injection fram the cathode cannot be invoked to explai: the phenomena either - a weakly
growing streamer system will have leas charge injection from the cathode and less charge

residing along the channel: the process cannot be separated. In any case, the charge in-
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jection is small compared with the free charge residing on the channel.

The weak spatial growth in Qg(m ax), then, is not an experimental construct but a
genuine property of the discharge. In attempting to show how this can be consistent with
an exponentially growing streamer function, A(x), it is advantageous to collect together

the results derived earlier for the free charge in the gap.

6.1.2.c Channel Maodel; Summary

A channel function, A(x,t) and streamer function, A(x) were introduced,A(x,t) being
the instantaneous linear charge density along the channel, A(x) being the charge density
added by the streamer active region at a particular positon, x=vt. They are related, in
a coordinate system where the charge produced at X drifts to x at time t, by the
relation:(Fig.5.7)

At) = AT xs ez
xt) = e v (317
The charge on the channel as a whole can be found by integrating E£q.3.17 for

-
specific forms of A(x). In the case of an exponential, A(x)=Ae *

o
Qﬂ(d) - f)\(x)dx

A AV(r- { V- nlrw), .
¥V- (V) {ex? K u?( Ve )d '} (3.18)

This is plotted in Fig.3.14 for typical values of the parameters, providing at least
qualitative agreement with the phenomena. In the case where the current in the channel
base has decayed to zero, Eq.3.18 can be integrated backwards along the channel to oo,

yielding the free charge in the gap in the limit where the conduction current is zero:

Qy = [A(1-ER)epCrsTi)ey

This evaluates to the following for different forms of A(x):
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6.1.2.d Experimental values of Parameters

In trying to relate these formulations to the experimentally determined para-

meters, one first notes that the growth frequency, M, of 50 defined by

3q = Be"® (5.5)
can be related to A(x), according to the discussion above:
Mx /vy
AGx)=(B/y)e
(6.2)
Experimentally, the observed variation of the parameters can be represented by:
2
M= a, (E - a,) (MH2),E/p in V/am.torr (6.5)
P
n E_q.] m.tore) L E/pin v/ (6.6)
= as_q' _-as .torr) 7, pin an.torr .
P P
U; =g+ a_'[%-q‘] (km/s),E/p in V/am.torr (6.7a)
A
Ve = ay( E/f,) (km/s), E/p in V/cm.torr 6.70)

Where a,=4 MHz(V/cm.t.orr)'*. a,=4.5V/an.torr, a =0.3(rn.torr)'1 a =2x1074
1 2 3 v 44 /v,

aS=lAVIa'n.torr, 39=10(km/s). 8,0=0.715 and in Eq 6.7 the values of the coefficients are as

follows:
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P ag ay ag
torr km/s kn'\/s(V/r.)'n.torr)'1 V/am.torr
600 90 26.3 4
500 95 30.0 4
400 104 38.3 4

These are only a crude numerical fit to the data and are shown in Fig.6.2 super-
imposed on the appropriate graphs. No particular claims are Leing made about the part-
icular form of Eq.6.5 to 6.7 above, the intention is to provide a simple characterization

of the gross variability of the experimental parameters.

6.1.2.e Predictions of Channe} Model

To see if the simple model presented above can explain the observed behaviour of

Qg’ Eq. 3.18 can be rearranged by substituting V=vsve/(ve¢vs) and ¥ = r'/vs, yielding

Q4 _ e v, dve (I P Ve (6.8)
A TeT vsm(i"l)}{“f’(mm "}

which is expressed entirely in terms of parameters measured experimentally and which
agree roughly with the range of values found by other experimenter (except Ve which is
calculated from a fit (Gallimberti, 1971a) to other worker's resuits). The form of this
variation can be seen to be compatible with the stability field requiring =0 for

differentiating with respect to d,

5 - e G

+ M.L)f- (
F-"'(Tf‘ ?/;+U(_/(2rs 7) 1&6'0’.”‘8 LT(Vt*rs )

(6.9)

and equating to zero to find dmax yields:
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U; + v‘ L\V V 4+ '1)

Auny = % (6.10)
Max T". ,IV r

which is undefined for[*=0, as required at the stability field. With positive values of I,

dnax Will be undefined for all reslistic values of v','( and " . Furthermore, substituting

in Eq. 6.8 yields Qg(m ax) corresponding to this value of dm“ when the streamers are

below stability:
Bl %‘:7”,‘,, p P—j’,z—,,(-,’,f )l B R

Dependence on E/p

Using the values of T, 7, Ver Vg (and .". of V), reported above, and plotted in
Fig.6.2, G\g(d)/_/\_ has been evaluated for various values of E/p and d at 600 torr and the
result is plotted in Fig.6.3, The stability field corresponds to "=0; this is artifi cially
imposed on the numerical fit and corresponds to E/p=4.5V/am.torr. It is clear that the
interplay of the variation ofﬂ bzand vg results in a fairly flat growth in Gg(max), except
near the stability field, when the curves for ali distances considered, d, plunge downward.

This simulates the behaviour of the experimentally determined plots of Qg(m 8x), Fig.5.5
(reproduced for comparison). The levelling-off of this plot has been shown not to be the

result of some external parameter and is a real property of the discharge.

Long Discharges
This level growth in Qg(max) is somewhat at odds with the expected form at large

distances from the anode (Table 6.1 above). For exponential growth in A(x),

Qy(d) = A e
¥(1-Vi,)+B
and this relation is plotted in Fig.6.4 It can be seen that there is indeed extremely
strong growth in Qg as the discharge propagates, Qg/./l ren;ching~1031 for d ~2m and
E/p~8.5V/cm.torr
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To obtain Qg requires an estimate of the value of /A, the charge/unit length at
the origin. This can be estimated from the minimum avalanche charge required for
streamer formation, say q ;. together with the assumption that this charge is
distributed over a charnel length a- channel diameter D soJ:'qmin/D. With .

10-1¢ (108) ions) and D~10"m then A~10"7C m"1, Using this value Qg can be
estimated as a function of reduced field and propagation distance. Typical values are
shown in Fig. 6.4.

The problem of extrapolating a model which works perfectly well in the present
electrode geometry to rather larger propagation distances is immediately apparent from
this data. A reduced field of only 5 yields a free charge of~1010C in only 2m for
example which is unrealistically large. These figures do however at least emphasise the
rapid growth to be expected once the stability field is exceeded. It must be remembered
also that this is not a net charge figure - there is an equal and opposite positive charge
since the streamer channels contain a quasi-neutral plasma.

When assessing the growth of aircraft streamers from Fig.6.4 it is important to
inciude two further factors:

) The streamers are unlikely to propagate in fields much greater than the

stability field for the relevant pressure since any greater fields would most probably

already have produced a breakdown:

(2) This stability field is pressure and, therefore, altitude dependent (Fig.4.1).
Given that just above the stability field growth would be expected to be significantly less
than that indicated by Fig.6.4 then the growth in free charge would alsc be much lower
than the IOIOC calculated above in the example given. More detailed measurements
closer to the stability field than has been possible in the present investigation are

required before making valid growth predictions.
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Section 7: Sunmary and Conclusion

The concept of a positive corona streamer stability field such that streamer
growth at large fields occurs leads naturally to the question of exactly how much growth
might be expected for fields of large extent and what effect this growth might have on
electrical breakdown. The fact that large scale quasi-uniform fields (i.e.>10's of
metres) only occur in nature and that the behaviour is pressure dependent implies that
this curiously neglected corner Of discharge physics may be enormousiy relevant to
thundercloud conditions and the aircraft that fly in their vicinity.

This study has been aimed at characterising the streamer growth in quasi-uniform
fields since the large scale fields in nature will necessarily be of this type (div E = o/ o
and o, the space charge density, is low). These streamers are typical of those that would
be generated at aircraft surfaces. The 3-electrode arrangement employed together with
the analytical procedure used, based on the Schockley-Ramo theorem, has allowed the
free charge in the sireamer system to be determined as a function of time and for a
range of fields and pressures. In addition, the rate of addition of free charge - and gen-
eration current - has been faund for the first time. The approach adopted also pemmits a
simultaneous measurement of important parameters such as attachment frequency (co-
efficient) and streamer velocity together with the growth frequency which charac-
terizes the streamer growth pattern in terms of a single parameter,r' . Furthermore, the
stability field for a given pressure may be determined unambiguously.

There is a natural range of fields and pressures - or more appropriately s range of
reduced fields - the lower limit set by the streamer onset and the upper limit by break-
down. From onset to the immediate prebreakdown condition, the behaviour is one of
variation on a single theme. Although, from a practical point of view the breakdown is
arguably the most crucial event it is, of course, necessary to establish norm behaviour so
that departures from this norm may be recognised. The data referred to above (Section
5) indeed quantify this norm.

Prebreakdown conditions are rather more difficult to quantify because of their

statistical nature. In all cases, however, the usual primary streamer event with the asso-
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ciated decay, due to electrical attachment, of both conduction and displacement currents
- equivalent to the decay of the free charge - is interrupted by the appearance of new
ionisation. The attempt to categorise this phenomena is contained in Section 6. There is
nothing particularly novel about this observation: a similar pattern is observed in long
rod-plane breakdown with the appearance of the second corona in the vicinity of the
highly stressed electrode. What is unusual though is the low reduced field at which this
phenomena is observed. A breakdown has been observed for a reduced field of only
6V/am.torr whilst examples of multiple corona are shown in the text (e.g. Fig.5.14) for
similar values; this kind of event has 3 low probability but which is, nonetheless, finite.
At a pressure of 500 torr the breakdown field might than be 3kv/em which is within the
range measured for a thundercloud. An equally important observation concerns the
effect of propagation distance.

Throughout, the effect of streamer propagation distance has been particularly
closely observed because of the interest in extending any conclusion drawn to distances
of several metres so that a valid comparison with aircraft streamers might be made.
Generally, the effect of extending streamer length for otherwise simifar conditions of
field and pressure makes little difference to the measured parameters. Total free charge
obviously increases because of increasing propagation but, surprisingly, peak conduction
currents (due to the primary streamer) actually decrease (Section 5). However, for those
prebreakdown events which include the appearance of additional ionisation there is a
clear effect of distance. For the smallest gap studied (5.3am) then the second corona
event exhibits a peak current of the same order as the primary streamer current whilst,
for longer gaps (up to 18.3am) the second corona current may be 7-8 times larger than
the primary current for the same E/Q. Table 5.1/2 contain data illustrating this point.
Unfortunately an insufficient number of events were recorded to provide an exhaustive
study - because of the relative rarity of the events and t.he need to make comparisons for
similar values of E/p at different propagation lengths - but the trend is unmistakable. 1f
confimmed then this could well lower further the field required for breakdown in the pre-

sence of long streamers or, alternatively, increase the probability of a breakdown at the




higher reduced fields.

Phenomenology apart, the mechanism of such a breakdown is not clear. The
model, developed in Section 3 and extended in Section 6, is useful because is calculates
reasonably well the growth of free charge with distance as a function of reduced field
and so provides useful predictive information since any breakdown must depend on the
generation of such free charge. It is difficult to assess the role of thz cathode defin-
itively although two effects are observable, namely:

()] electon injection at streamer arrival, and

(i) the appearance of fast ionising waves, the generation of which appear to

coincide with streamer arrival at the cathode. There is some evidence that the

waves - if indeed they are waves - can enhance the ionisation near the origin of
the streamer system (e.qg. Fig.4.7).

The magnitude of the electron injection is relatively small and takes place at such
large distances from the origin (i.e. d/ve timescale of the breakdown) so that it is dif-
ficult to see how a contribution to the breakdown could be made in the present geometry
and, if a valid mechanism must be equally relevant to aircraft streamers, then such a
contribution must be ruled out since the only cathode-like structure, namely the preci-
pitation, would provide considerably less local electron injection. That streamer impact
with such precipitation might yield ionising waves must, however, remain a plausible
possibility. An assessment of this has already been presented elsewhere by Bicknell and
Shelton (1986).

The growth of free charge represented by equation 6.2
Alx) =Ae®™ Y- T'/va

suggests an alternative approach to the problems of providing an explanation for long
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streamer breakdown. Thermalisation of the streamer channel requires an electron den-

33 compared with a measured value for small gap streamers of ~102!

sity of >10°
m", If n(x) is the electron density at x then assuming a similar constant cross-section

for each channel
- Fx
n(x) = n(OIN(D)e ™ */N(x)

where N(x) is the number of channels at x. Clearly the requirement that the electron

21

density remains at the value n(0) (~10 m™>) implies that the channel number growth

rate is similar to the charge growth rate or
NG = NG Je™

There is little experimental data available regarding the behaviour of N(x) particularly at
sub-atmospheric pressure but replotting the data of Bicknell, Sadik & Tang (1980) for the
growth of N(x) at E/p=7.92 (atmospheric pressure) suggests a value for ¥ of 20.5. At the
same E/p, results from this present study (Fig.6.2) provide T(:T‘/vs) of 35.6. On this

evidence then the electron density is growing with propagation distance as

n(x) = n(®e 15.1x
or if the required enhancement is 102 (1023/1021) then the required x is In100/15.1 ~
30am. For lower reduced fields this distance would be larger because of the smaller dif-
ference between the two growth rates. An investigation conducted in gaps larger than
the present 20cm arrangement with facilities to monitor ¥ both for A(x) and N(x) may

well be fruitful and conclusive.
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Appendix A

R 22 22 R R R R e e A Y Y A T YR 2 R 2 R RS P Y Y YT Y Y YR Y Y YRR Yy Y
program "h*
by Rod Shelton, updated:ds.04. 87
this program reads data fi1les Created Dy “"corona” ang "sample”.
the data can be analysed 1n real time, uUuSlNg Cursor-driven routines
the i1nput ¢1le must be called "E:D . *
X222 222222 2R 2222 2222 22 2 22X 2R IR 22 2T R A RS2SRRSR AR RS R RS 2 2 0)
PROGRAM DATAUSEL:
CONST
SLEW = 10%;
TYPE
MATRIX=ARKAY(Q..3,0..3]1 OF REAL:
VECTOR=ARRAY(A..3] OF REAL;
RA=ARRAY(D..255] OF REAL;
VAK
INTC, INTD1, INTDZ, INTDT:REAL:
A:MATRIX:
C,ERR:VECTOR:
NA: INTEGER:
HEADING: ARRAY[1..8@10F CHAR:
ICMAX , TFK , IDFOSMAX, IDNEGMAX,TX,RQGMAX,QRATE,QERROKR,DOSTART ,DOEND: FEAL :
DERATE , DRER~OF , DR INJECTED ,REDUCENF IELD: FEAL:
CALLIS ,CALLZS FOLYFITFOUND: BOOLEARN;
STATUS,PSTATUS: INTEGER:
YH,VS,FITA,FITH,ERARATE ; REAL;
Y53 INTEGER:
GAPLEN,STRLEN,KVOLTS,VE,VS,VV,FIELD ,PRE: REAL ;
FILENO: INTEGER}
FILENUMBER ,DATAF ILE ,DEASE: TEX T
BUTTONFRESSED ,FIRSTTIME,UNDEF INED,DMP ,GRSW,F I TFOUND ,CORRECTED: BOOLEAN:
ENDFAGE ,PF I TFOUND: BOOLEAN;
X1,%2,Y1,Y2, ZEROLEVEL ,ARATE ,, INTEGRAL:1 REAL §
XCUR, YCUR , XCHAN, YCHAN , RUTCHAN , IX1 ,Ix2,IY1, Y2, IRESP RBUT: INTEGER;
IFREE1RA;
FRESS ,CLOCKVALUE HUMID , XTIMB,YAMFL \RESISTOR: REAL;
MINUS] ,MINUS2: INTEGER;
PZEROLEVEL ,FARATE ,PINTEGRAL : REAL;
PIX1,PIX2,PIY]1,PLY2: INTEGER}]
1COND:1 RA;
PPRESS ,FCLOCKVALUE ,PHUMID ,PXTIMB,PYAMPL ,FRESISTOR: REAL;
PNRUN PNXPTS ,PNFOINTS ,PFIRSTSAMPLE: INTEGER}
PCHANNEL : CHAR:
NRUN (NXPTS NPOINTS,F IRSTSAMPLE ,OLDXCUR ,OLDYCUR: INTEGER:
OLDIX1,0LDIX2: INTEGER];
ACHAR , SELECT ION ,CHANNEL 1 CHAR}
22222222222 RANTL IR TN TFRY TETT YT VYR FTPIY PP PFEFrrey FYYeY T Y Yoy
procedure wait
no Qlobal usage
waits for a time determied by the passed parameter
GRHBBRREF PSR ROREBRARABDIADRR VSRR RAIBER BB L ARG ER R BRI RBA RS BBDRNRRRP LS RERERBSANDR)
FROCEDURE WAIT (PEKIOD: INTEGER)
VAR COUNTER3: INTEGER}
BEGIN
FOR COUNTER: =@ TO FERIOD DD COUNTER:=COUNTER
END; (¢ of¢ wart =)
(...'....'.Q..’.'..'Q.Q."‘QQ.....QQQQ50.0.l..i.QQQQQQC.QQ.QQQQ'Q...OC‘C.QQO'
procedure svccode
no global usage
inserts machine code patch to enable svc data transfers
l...'.......‘...‘...O...QCQ...‘".....O..lQ.QQQQQ..O.Q..IQQQ.Q...C.QQQ.....Q)
PROCEDURE SVCCODE}
BEGIN (eSVCCDDEw)
(# code ¢or ocutput to svc beqQins here )
(s the first n characters 1n memory starting at #F901 are read out =)
(# n 18 the value 1n 900 »)
(% see assembler listing ¢for more details ®)
(# ROD SHELTON... DEC '8F% =)
FOKE1H(WFF1D,80QTA) 1 POKEIG(NFIL2,#4FFF) ¢
FOKELI&(NFT14 ,80011) FPOKELS (WFR14 M13F) ¢
FPOREL1S(WFF18,0471A); FOKELS(WFILIA,9RDB)
FORE16 (8F91C,#DABF) 3 POFEL1& (WFFIE HFF1A)




ii

FOKE1o(#F? 0 ,8D373) ;
FORELO(HFR23 . 017CD)

‘& code for

1nput

FOREL1S (#F 2T #3061 ) :
FOKElo (#F 26, 8CFI

trom sSvc begins here «)

(¢ N characters are read 1n from the svc,

(* n

FOKEL1S (#F970,8003A) ¢
FOKEL16(#F9T4,80111)
POKEL1&(#F9T8 ., #878) ;
FOKEL1&6(WFOTC ,#DEFF) 3
POKE1& ‘#FI4@,80D13) ;
FPOKE16(#F744 ,9C9F9)
(# CODE TO DUMF SVCSCREEN FOLLOWS w)

FOKE (62824
FOKE (6382%
FOKE (643826
FOKE (67327
FOFE (67823
FORE (63327
POKE (&3830
FPOKE (67821
FOKE (628320
FOrE (63833
POME (638%4
FOKE(638TS
FOKE (62876
FOKE (63827
FOKE (63828
FORE (63829
FOKE (63840
FORE (62841
POKE (63842
POKE (638473
FOKE (63844
POKE (6384%
FOKE (63846
FOKE (63847
FOKE (63848
FOKE (43849
FOKE (63850
FOKE (638%1
POKE (63852
POKE (63853
FOKE(628T4
POKE (638%%
POKE (63856
POKE (63857
FOKE (638%8
POKE (43859
FOKE (63860
FOKE (63861
POKE (63862
FPOKE (63863
FOKE (62864
FOKE (63865
POKE (A35866
FOKE (63867
FOKE (62868
POKE (63869
FOKE (63879
POKE (62871
FOKE (62872
POKE (63873
POKE (63874
POKE (6387%
POKE (63876
FOKE (43877
FOFE (63878
FOKE (63879
FPOKE (67080
POKE (67881
FOVE (63882

WCHR (&2 13
WCHR(ZZ 1)
JCHR(ZD ))
,CHR (2SS )
JOHR(ZSZ
CHR (S0 )
ZCHR 1255
ZyCHR (2SS
,CHR (14 )
JCHR (S
G,CHR(ZQ@ )
ZCHAR (13 )
,CHR (20%
LCHR (S )
LHR@ )
JCHR (14
JCHR(S )3
«LCHR (30 )
JCHR (1@ ))
,CHR (20T )
JCHR(S g
JCHR(@ 1)
Z,CHR (14 ))
L,CHR(S Yo g
JCHR(ZO )y
yCHR(Z7 )
ZyCHR(ZDT )
+CHR(S )3
JCHR(D 1)
JCHR(14 )) 3
«CHR(E )y
JCHR(3Q )3
JCHR (76 1)
JCHR(20% 1)
JCHR(S )3
+CHR(@ )3
LCHR{14 1)
JCHR (S 1)y
JCHR (3@ 133
JCHR(D 1)y
JCHR (20% ))
SCHRI(S ))3;
+CHR(@ 1)
yCHR(14 )
JCHR(S 1)
yCHR (30 )
JCHR(2Z M
,CHR (Z@Y
JCHR (S )
ZCHR(@ )
JCHR (& 1)
ZyCHR (255 )
JCHR (197 )y
JCHR (219 1)y
,EHR (178 ) )3
JCHR(7 1)y
JCHR (218 )y
JCHR (132 1)y
JCHR(249 )3

~

b3

-. o

- w, e as e

DEC 3%
POREL1G(WFITD,04FF9

18 the value 1n #F300
(¢ ROD SHELTON...

*)

FPOKEL6(NFITH  HDBFI) ¢

POKEL S (WFITA #37DA)
FOKE16(WFITE, #12K1)
FOREL1G(WF42 ,457C)

H

H

starting at #Fv91




iii

POME 1628383 ,CHF: 219
POKE (67884 ,CHF 177
FOKFE (62885 ,CHR 9T 1)
FOrE (63886 ,CHR 14 1)
POKE (£3387 ,CHR (S )1
FOKE (62888 ,CHR 213 )
POFE (62889 ,CHF (J4S
FPOKE (67898 ,CHR (197 )
FPOKE (63391 CHR120%
FOKE (63892 (CHR(T 1)
FOFE (63893 ,CHR:@ )3
FCrE (63894 ,CHR 197 )
PORE (628°9% ,CHR (241 )
FOrFE (635896 (CHF (209 )
FPOKE 163897 ,CHR iZ0S )
FOYE (67898 ,CHR'.S g
FOYE(678%9 ,CrF'D 13
FORE (690 CHR 1193 )
FOKE (63981 CHR (S )) ¢
FOKE (62902 CHR 194 )
POKE (637Q@3 ,CHR (132 )
FONME ¢ @4 ,CHR (249 )
FORE (629@5 ,CHF (219 )
)
:
)
)
)
)
)
)
)
H
)
)
)
Y
H
t
Y
)
)

o 20 en w

FOLE(&77Q6 CHR (178
FOKE (62907 ,CHR«T )
FOFE(629@8 ,CHF 1218
FOKE(639Q9 ,CHR/161
POKE (62910 ,CHR (249
FORE (67911 ,CHR(219
FPOKE (43912 ,CHR (177
POKE (63913 ,CHR (9% )
POKE (63914 ,CHR(14 )
POKE (639185 ,CHR(S ))
FOKE (63916 ,CHR(213
POKE (3917 ,CHR (24T
FPOKE (63918 ,CHR (197
POKE (63919 ,CHR(2QS
POKE (65920 ,CHR (S )
POKE (63921 ,CHR(® )
POKE (62922 ,CHR U193
POKE (83927 ,CHR (241
POKE (62924 ,CHR (209
POKE (6392% ,CHR (20T )
POKE (63926 CHRIS D)
POKE (63927 L,CHR(@ )Yy
POKE (63928 ,CHR(Z8 1) 3
FOKE (63929 ,CHR (23S ))
POKE (62930 CHR (258 ))
POKE (63931 ,CHR(61 )4
POKE (43932 ,CHR(194 )}
POKE (62933 ,CHR(8Y )) 3
POKE (63934 ,CHR (249 )3
POKE (6393% ,CHR(201 ));
(¢ ROUTINE FOR DOUELE DENSI™Vv @)
ENDs (» OF SVCCOODE =)
(» N.B.,
the space from #FS0@ tz= #F°435 1s thus used by these routines
the buffer 18 from #FOT to WKFIQF and can hold 1T characters only
for the first character 1% clearly a control constant, »)
(22222222 22 Y 2222 R o2 R Y R Y TR Y Y Yy Y Y Y Y T YRy P YYYY VY YreweY
function entier
returns the greatest 1n:eger <= x
D...‘..'QO‘.'...QI..OQ....0“0...0...'6..Q....QllQQ‘.OQQQGO...Q.Il..........)
FUNCTION ENTIER(XIREAL) @t INTESER;
BEGIN
IF X+.@ THEN ENTIEK:=TRUNC (t:~31 ELSE ENTIER:=TRUNC (X)
END;
("...IQI.QQ.OQQ....Q.....0“0.0.0...'......}00'QQIO..l.l'..ll'.'.’.l..l..i’
function frac
returns the value x—-enz:er (x)
(22X 222222 el 22 a2 T 2 R e e XS T Ty Ry Ty Y Y T Ty

FUNCTION FRAC(X1REAL):REAL:

[ "

24 as we me

-~

i
3




iv

HEGIN
FRAC: =x~ENTIER X'
END:
(VBB BPHEBE RV BREN AP RN F R BB EEINERE LSRG IR RBBECERBBRB TRV EAGERARTR ARG S
function vy
I Z X X 2T R R R R R S R 22 A A R B R R R AR R R A A R R XS S Y PSR R AR RS R RS R R RS R 2 X R N ]

FUNCTION v X: INTEGER): INTEGER:

BEGIN
11 aYG+ENTIER(IFREEIX I/ YH) 3
END:¢
FROCEDURE SHOWMATRIX iVAR A:MATRIX:;VAR NA: INTEGER):
VAR
ROw,COL: INTEGER:
HEGIN
FOR ROW:=@ TO NA DO
BEGIN
WRITEC( [ vl

FOR COL:=@ TO NA DO WRITE ALRCOW,COLD, i
WRITELNC 3 )3
END:
END;
FROCEDURE REDULE (VAR A, B:MATRIX;VAR NANE,]1,J:INTEGER) ;
VAR .
ROW,COL: INTEGER:
KEGIN
FOR AROW:=3 TO NA DO
FOR COL:=@ TGO NA DO
BEGIN
IF ‘ROW < I} AND (COL <J!) THEN E(ROW ,COL J1=A{ROW,COLI;
IF (ROW <1} AND (COL -J) THEN BL[ROW ,COL-11:=ACROW,COLID:
If (ROW >1) AND (€Dt <J) THEN BI&OW-1,COL ) (ROW,COLJ;
IF (ROW >I) AND (COL -J) THEN B(ROW-1,COL-1):=A[RCW,COLD:
END3
NEB: =NA-1;
SHOWMATRI X (K ,NB) 3
END3
FUNCTION DETERMINANT (VAR A:MATRI1X:VAR NA: INTEGER) :REAL;
Ak
DET:REAL;
BimaTRIX;
NE,1,F1 INTEGER;
COL: INTEGER:

BEGIN
IF NA=Q THEN DET:=A(2,0) r
ELSE
BEGIN
DET: =9
FOR 1:=@ TO NA DO
REGIN
COL:1=@;
REDUCE (A,B,NA,NB,COL,I)3 (# ELIMIATES COL(I) % ROW(®) ..RESULT:=E =)
IF ODD(¢(I) THEN Fi==-1 E.SE F:w=y;
DET:=DET+FeA(@, I I#DETERMINANT (B ,NB) 3
END:
END:
DETERMINANT: wDET;
END1
FUNCTION COFACTOR (VAR AIMATRIX;VAR NA,1,J1 INTEGER) :REAL;
VAR
BIMATRIX;
ROW,COL ,NE ,F 1 INTEGER]
HEGIN
REDUCE (A, B, NA,NB,I,J);
I ODD(1+J) THEN Fim-) ELSE Fi=m1y
COFACTOR: =F «DETERMINANT (B ,NB) 3
ENDy
FUNCTION FOLY (VAR X: INTEGER):REAL;
VAR
ArREAL}
N: INTEGER:
BEGIN
A: =@y




FOR N:=@ TO > DO A:=A«CIN]sFOWER X ,N) 3
FOL Y=y
END:
FROCEDURE POLYFIT:
VAR
J & NE,ROW,COL, I: INTEGER:
RESIDUAL ,DETA ,HHM: REAL :
B:MATRIX:
Y31 VECTOR:
BEGIN
FOR J:=@ TO T DO
BEGIN
Y(J Iz =92
C{Jl:=2:
FOR rk:=Q TO I DO ALJ.KI:1=03
END:
FOR J:=Ix1 TO 112 DO
EEGIN
FOR ¥:=@ YO 3 DO
BEGIN
YLk J:aY(k I+ IFREELJI*FOWER(J k)¢
ALQ, K 1:=AlQ,k I+FOWER (J ¥
END: .
FOR kK:=1 TO 3 DO ACk ,T):=Alk ,JI+FOWER(J, (K+3) )3
END3
FOR ROwW:=1 TO 3 DO
FOR COL:=@ YO 2 DO
ACROW,COL): =ACROW-1,COL+11];
NA:=3g
WRITELN( MATKIX COMPUTED )3
SHOWMATRIX (A, NA) ;
DETA: =DETERMINANT (A NA) 3
WRITELN( DETERMINANT FOUND ‘)3
FOR 1:3@ TO S DO
FOR J:=@ TO 3> DO
CLI11=CLII+COFACTOR(A NA,J,1)#Y[J];
WRITELN( COFACTOR MATRIX % INVERSICN COMPLETE ):
WRITELN( DETA:= ' ,DETA)}
FOR 1:=@ TO 3 DO CCIJs=CLIJ/DETA}
RESIDUAL ; =@3
FOR l:=[X1 TO IXx2 DQ
KESIDUAL : =RESIDUAL+SRR (IFREECII-POLY (1))
HHH: sRESTDUAL /7 (DETA® (1X2~-IX1+1-4))3
WRITELN('RESIDUALS COMPUTED )3
FOR 1:1=8 TO 3 DO
BEGIN
REDUCE (A,B,NA,NB,I,I);
ERRCII=SART (HHH#*DETERMINANT (B ,NE) ) 3
END;
WRITELN( ARSOLUTE ERRORS IN COEFFICIENTS CALCULATED )3
POLYFITFOUND: sTRUE;
WRITE( >")3 READLN:
ENDy
(SRFABBRFERRRBRBB AP ERTHBERERARS AR ERRBBREERB ARG RRREEHBRBEFRFRBABRRASHRRGIITISRES
fuction yfit;
finds the (real) value of the exponential fi1t done by expéfit
SRBEBRERERIRERRRBIRBRRBURRRBER BRI LGPPSR ARRBPFERBARABAECIRGRRERBRR S BERRERRDONE)
FUNCTION YFIT(X: INTEGER) 1 INTEGER;
VAR JiREAL:
BEGIN
IF FITFOUND THEN
BEGIN
Js=EXP(FITB)
IF (IFREECIX114<@) THEN J:=Je(-1)}
Jr=JeEXP (F1TA®X) /YHs
(# YFI1T1aYG+ENTIER(JI) ) #)
END
ELSE IF POLYFITFOUND THEN J:=FOLY(X)/YH;
YFIT:=YG+ENTIER(J) ¢
END;
(RPBELBBRBREBERBRGRRERREBBR BB EERPARB BB RERBRADRAFIA R RN AR BRI ERERABGRBERRRBORE RN
procedure normalscreen




hat 41 ‘9’“"“”’"‘”“"’7‘*" _ - -

no global usage
restores 80 column format to svc display

QQl...QQQQQ.QQQ.'QQ.’QQQ.Q’...Q‘...QQQQI..0..000.9.".QO.QQQO.Q....OQQ.....Q)
FROCEDURE NORMALSCREEN:

VAR C: INTEGER:
BEGIN

Ci=CFMI6,27)

C1=2CPM(6,49);
END: (& of normalscreen )
(BB RRRRBRRBERRSERR RS RRLRBBRHSRARRBRRBRB BB AR EARERREA LRSS SR ERB BB SGER PR ERBBEES

procedure clearscreen

no global usage
clears the screen exiting with svc i1n graphics format

SHRBREBBRRRBRBER R B RS AR B E BB AR R RS R LGRS EER BB AAFRER RS S RBRAEAFBER B RS E R G R RGNS )
FROCEDURE CLEARSCREEN:

VAR C: INTEGER:

KEGIN

NORMAL SCREEN:

C:=CFM(6,26); (# CURSOR HOME & CLEAR SCREEN #)

C:=CPM(6,27) 3

C:=CFM(6,52); (# BACK TO GRAPHICS MODE )

END;
R X2 22222 2 X2 RBRRFEABERBFRETBERFBERBERRRE SRR RO R R SRESBLFRIGERED

procedure point
global usage: .none
requires graphics format
draws a point at XX,YY
FRERERERBRFERFRABSERRARE SRR B AR RRERRRRERR AR RS RRLBERRLBRB TR SRS RRARRA AR R EBNEN)
FROCEDURE POINT (XX ,YY:CHAR) 3
VAR
SKEWX 2 CHAR}
HEGIN (» point #»)
IF (YYC=CHR(25S)) AND (YY>=CHR(@)) THEN
BEGIN
SKEWX : =CHR (ORD (XX ) +SKEW) 3
POKE (#WF 900 ,CHR (&) )}
POKE (#F90Q1 ,CHR(27)) ;
FOKE (#F9@2,CHR (83)) ;
POKE (#F 903 , SKEWX) 3
POKE (#F 304 ,CHR (00) ) 3
POKE (#F3905,YY) ;
POKE (#F 986 ,CHR (@) ) 3
USER (#F910Q) ;
ENDs
END; (% of point #)
( - ne SRR RE shen tRNRBREN LT X2
procedure unpoint
global usage: none
requires graphics format
rubs out anything at XX,YY
SHRARBERPRFBBRBRBEBRBBRARBRAREREEERRRFRRRBRRPEHR BB BRBBARBEERARSBERG25RGGG2000)
PROCEDURE UNFOINT (XX, YYI1CHAR) 3
VAR
SKEWX 1 CHAR}
BEGIN
IF (YY =CHR(@)) AND (YY<{=CHR(2T%5)) THEN
BEGIN
SKEWX 3 =CHR (ORD (XX ) +SKEW) 3
POKE (#FF0@,CHR (&) ) 5
POKE (#F9@1,CHR(27))
POKE (#F902,CHR (82)) 3
POKE (#F9Q3,SKEWX) 3
POKE (#WF904 ,CHR (0@) ) ¢ ‘
POKE (#F9035,YY) s
POKE (#F9Q56,CHR (8@) ) 3
USER (#F910) ;
END}
END;
(RBRBBEBRBARREFRERERERRBR AR SRS AR ERR BB R RRERRBER LGNNI EBRIAHERATHBAERGBERS
procedure® cursorrow(x)
Y YT IR YYRYYYR T YOYOTewR PR PSR A2 222X RYYL LRSS L2222 2 0]

PROCEDURE CURSORROMW (X: INTEGER) ¢

- —




BEGIN
FONE #FFQQ,CHR (3) ) 3
POKE (#F9Q1 ,CHR(Z27) ) 3
POKE (#F9QZ ,CHR (#TD) 1 ¢
PORE (#F?@2 ,CHR (X))
FOFE (NF9Q4 ,CHR (%)) 3
USER (#F913) ;
END:
(RBBBBBBRRABLBAEERRRRABIRRRERBEBRERBIRRFRRRFRREEERB RS EAPERERRRBRRR ARG EBR AR BB ERAN
procedure move
FRRBRAVRGBRBBARRLHRBBERRBRBRRER LR R GRRBRRRA TR EBERBREBE ARG AR BERFRBERRNEE)
FROCEDURE MOVE (XX,YY:CHAR) 3
VAR
SKEWX:CHAR:
BEGIN
SKEWX: =CHR (ORD (XX) +SFEW) 3
FOKE (#F99Q,CHR (61 ) 3
FOKE (#F921,CHR(27)) ¢
FOKE (#F9QZ,CHR (109)) 3
FOKE (#F9@3 ,SKEWX) §
FOKE (#F994 ,CHR (@) ) 3
POKE (#F9@5,YY) 3
FOFE (#F9@4& ,CHR (B) ) ;
USER(#F31@) 3
END: .
(BRBRRRBERARBRBRBERERRRRERRSREERRRRREERBRRRRRCRERFERRERRBRBERREER RN B SR SRS RN
procedure complement
RBBRERRBPBBREFRERERRERAERRREBEBRBERRBRRRERRLRERRERBRIRRRGEREREREAZRRRERERARRRRS)
FROCEDURE COMPLEMENT (XX, YY:CHAR) ;
VAR
RESUL.T ,SKEWX : CHAR
BEGIN
SKEWX: =CHR (ORD (XX) +SKEW) 3
FPOKE (#F990@,CHR (b)) 3
POKE (#F901 ,CHR(27) ) 3
POKE (WF9AZ,CHR (#54) ) ;
FPOKE (#F 907, SKEWX) ;
FOKE (#F 904 ,CHR (@) ) ;
POKE (#F905, YY)
POKE (#F9Q6 ,CHR (@) ) 3
USER (#F910) 3
POKE (#F9Q0,CHR (1)) 3
USER (#F938) 3
RESULT: =FEEK (#F9@1 ,CHAR) 3
CASE RESULT OF CHR ()3 POINT (XX,YY);
CHR (1)1 UNPOINT(XX,YY)
END1§
END}
g2 T2 T2 22222 ) » % BEREBRBAEREEEZRAERAEZRERRAABERRRERRBERRD
procedure line
ARBERAIRBEPRBRBERB SRR RRABERBERRBR RSB RSRRRREERRSRRR RSN SR * - *)
PROCEDURE LINE (XX,YYICHAR)
VAR
SKEWX s CHAR:
BEGIN
SKEWX: =CHR (DRD (XX) +SKEW) §
POKE (#F BB ,CHR (7)) 3
FOKE (WF9Q1 ,CHR (27) )3
POKE (WF7Q2,CHR(108) ) 3
FOKE (WFPQZ , SKEWX) §
FPOKE (#FFQ4 ,CHR (D))
FOKE (#F9Q%,YY) 3
POKE (#F3@4,CHR (@) ) 3
POKE (#WF9Q7 ,CHR (1))
USER (#FF10) 3
END)
('Q.Q..l.’l"l'.i&....l‘.l’-!.l.QQ.Q.QII..OI.Q&IQQCQ.QQD.OOOGQCCQQIQQCQQGCC..
procedure dmprgq
global usage: none
requests svc to dump screen
...Ql...QQO.QO..0.0..6..“0.."...0..!Q.OQ..OQO..&COOQ.D.G&QIC!00.06.'.'."60)

PROCEDURE DMFRQ;

"

iy




) A * ’ "7 T DA

VAR
C: INTEGER;
BEGIN
Ci1=CPM(&6,818)
C:=CPM(H,#64)
Cr=CPM(4&,05Q)
END3
(RRBBAERBIRABRRIRBPBREA AR B ERPRRRREABRSEREBSEABEERRBRAG R R SRR SRR T RERBRG B AR EGON
procedure graphics
global usage: none
enters graphics mode
RARRBBRRBEBR BB ERBBBERBRBRBERP R AR R R G RFAEBBERRAERBER BB R R R LG RBAERA B R RBARERRRBEE)
ﬁ PROCEDURE GRAFHICS:
VAR C: INTEGER:
BEGIN (# graphics
C:=CPM(6,27):
:=CFM{6,52)
END3 (# of graphics =)
(T RBAAERFEABRRARBRRRB AR RERARESERRBRERBRRBBRREBRERRERSEART R A G ERR AR AL SR AEERERERD R
procedure 1ni1tialise
S global usage:UNDEFINED,FIRSTTIME, X1 ,X2,Y1,Y2
OLDX1,0LDX2,RBUT , XCHAN , YCHAN , BUTCHAN , XCUR, YCUR , I 1, IX2, IY1,1Y¥Y2
OLDXCUR ,,OLDYCUR ,FRESS ,F IRSTSAMFLE ,CLOCH VALUE ,HUMID , XTIME , YAMFL
RESISTOR (RUN NXFTS ,NFOINTS
sets 1nitial values
.l..&‘i”l’i.&lil’!{iiil'*&{li.&ilG’Qi{{i.ill.i‘l'QGQQQQQCQQO'IO&QQQO.QO606{60.)
FPROCEDURE INITIALISE;
VAR A: INTEGER:
BEGIN
ICMAX: =03
IDNEGMAX: =03
TPK: =03
TX:=0;
IDPOSMAX: =@;
QGMAX: =23
QERROR: =03
DOSTART: =03
| DQEND: =0;
DORATE: »Q;
DQERROR: =@
FFITFOUND: =FALSE; F1TFOUND:=FALSE;
WRITELN( THIS VERSION READS DATAFILES FROM DRIVE “A",
WRITELN;
WRITELN( 'V208.0%5.87, corrected for cable 1mpedance ‘s
WRITELN;
WAIT (190);
VS =0;
IX11=30;
1X2:=9Q;
ENDPAGE: =FALSE;
GRSW: =FALSE}
DMP: =FALSE
H MINUS1:1a1;

IEEEEETERE

MINUSZ:=~13
UNDEF INED: 2 TRUE;
FIRSTTIME: =TRUE;
\ X11=Q3 Y1:13Q3 X2:1=Q: YI:=Q;
L OLDIXts=IX1; OLDIXJ:=1Xx2;
RBUT:1 =100
XCHAN: =113
YCHAN: =12
BUTCHAN: =8¢
XCUR3=IX13 ‘
YCUR: =200
1Y1:1=100;
I1Y21=150;
OLDXCUR: =XCUR;
OLDYCUR: =YCUR;
PRESS1 =33
FIRSTSAMPLE: =@3 N
CLOCKVALUE 1 =@y
HUMID: =23




bl of ‘EF"ﬁ'*""" - = - -

XTIMB: =Q:
YAMFL : »@3
RESISTOR: =0:
NRUN: =93
NXFTS: =@;
NPOINTS: =93
END; (» of 1mitiralise »)
(RBEBRBBRRRRRBR R RN SRR CRBRBGERBEERRARDERABERR A ABABRBRRBBARRRERRBORRGABRABIRES
procedure beginning
global usage:DATAFILE
reads the heading 1n the 1nput file
BESRRERRRBEBRRERR DL RERERERBRBEARBR R TR SRS EERPERREBAEBREERGS)
PROCEDURE EEGINNING:
VAR A: INTEGER:
BEGIN
RESET (DATAFILE, "A: D¥ . R
RESET (FILENUMRER, "A:LOOKING AT "3
REWRITE (DEASE, "A: DATABASE.NEW )
1=1:
REPEAT READ(DATAFILE,ACHAR) 3
HEAD INGLAJ: =ACHAK:
WRITE (ACHAR)
1=A+1y
UNTIL ACHAR="F§";
WRITELN;
WRITELN;
WRITE( 'ENTER file numer >>>>>°); READ(FILENUMEBER,FILENG) :;WRITELN(FILEND)
WRITELN;
WRITELN;
WRITELN( ENTER D (cm) needle height (mm) V (KV) and p (mmHg) ");
WRITE( " >»>"1y
READ (GAPLEN,STRLEN,KVOLTS ,FRE) 3
WRITE( ‘E/p= ~ , (KVOLTS/GAFLEN/FRE#1Q0®),  V/cm.torr ; enter approx. value’')i
READ (REDUCEDFIELD); WRITELN:
STRLEN: =GAPLEN~-(STRLEN/1@);
FIELDs =KVOLTS/GAPLEN#1.QE+S; (# VOLTS FER METRE )
VE: =1, DE+6#POWER ((FIELD®*1.0CE-S/PRE#1.0E+3) ,80.715) #1 . BE-2;
(» $from Qallimbert: ref. data: Ve (cm/s)=10"be(e/p)"0.71%
where e/p is in v/cm.torr ... | have converted to Ve (m/s) =*)
END: (#* of beginning )

(ne

(2222223 (2222222 2222222222222 23
procedure zero
Qlobal usage:RAW,FIRSTSAMPLE,
finds the mean of the ten RAW datapoints, the cerolevel......
1¥ any one differs by more than +/- & from the fi1rst, then the
GARRAGE flag 13 set
L2 2122222 22l 22222 222 2222 22222 22222222 222822 LT LTAIILRTTSRIY IR XX Y TS
PROCEDURE ZERO (VAR A:REAL);
VAR
B3 INTEGER;S
BEGIN
A3 =@g
FOR Bi=FIRSTSAMPLE TO FIRSTSAMPLE+4 DO A=A+ IFREELE]:
Ar1=A/Y
END; (& of zero )
[R2XI2T 222222222 XL TZLLRZ R TR YT FR LR LY LV P TFE PP PP VTV PPF VY P pgrparreey
procedure newevent
global usage: CHANNEL (NXPTS ,NPOINTS,PRESS,CLOCKVALUE ,F IRSTSAMFLE
HUMID,XTIMB, YAMPL ,RESISTOR ,RAW
reads the parametric datafield for the next record
reads the integer data 1nto the array RAW
BERNABASABIBERABABR ARG RO RREESRDERRRRERBRR BB R BB BRBRGERBEBRBALBRERBBBERRBEBERD)
PROCEDURE NEWEVENT;
VAR A,Bt INTEGER;
ACHAR : CHAR}
BEGIN
REFEAT READ(DATAFILE,ACHAR) UNTIL ACHAR='\’;
READ (DATAF ILE ,CHANNEL ,NXFTS ,MPOINTS,FRESS ,CLOCKVALUE ,F IRSTSAMPLE) ¢
READ (DATAF ILE (HUMID , XTIME, YAMPL ,RESISTOR) ¢
IF CHANNEL='A’' THEN YAMPL:=sYAMPL#RESISTOR/IS5.33 (# correction ' )
(¢ 7@=78 OHMS, R=464.37 OHMS : FINAL CORRECTION'''®)
IF CHANNEL='B' THEN YAMPL:=YAMPL#RESISTOR/33.3}




(e Q=74 OHMS, R=5d.46 OHMS .
FOR A:=FIRSTSAMFLE TO NFOINTS3 A2
BEGIN
READ (DATAFILE,B) 3
[FREECAI: =BaYAMFL/128:
END:
ZERO(ZEROLEVEL) 3
FOR A:=FIRSTSAMPLE TO NPOINTS 2 SFEE[AJ:=[FREE(A)-ZEROLEVEL;
END;3
(RRRBRBRBERRABRRGFERRAEABIRS SN RAABBIBREINDESEBERBBRBRB VARG RERO O
procedure display
global usage:tNRUN,NFOINTS NXZT= ., IRSTSAMPLE,CLOCKVALUE ,RESISTOR
PRESS HUMID , XTI™= . vaMFL
tabulates the parametric data~:eid for this record
LA 22 IS 222 2 S SR X2 RS R 222222 2 e e o 2T RIS L TR SR YRR YT FYTEYE TR YN
PROCEDURE DISFLAY:
AR A3 INTEGER;

BEGIN
=1
REFEAT WRITE(HEADINGCA)) ; Az=A+1 _MTI_ HEADING(A)='3";
WRITELN: .
WRITE( ¥ ,FILENO:24, . )}
WRITE(NXPTS: 2, "3

CASE STATUS OF

13 WRITE( Ic (% YH®2 SE+&:2: ‘mA/em  XTIME®#]1 QE+6:8:7, us/cm ) e)

BK] .

2: WRITEC( Id ") (#,YH®D SE+3: e mA/em G XTIME#1 . BE+6:8: 3, ‘us/cm’)je)
21 WRITE( le ") (#,YH#2 ZE+4:Z2:2, mA/cm  XTIMES].@E+6:8:3, ‘us/cm )1 #)
‘A: WRITE('Qg "D (¢ ,YHe2 SE+12:3:3, 'nC/em ", XTIME#1.BE+6:3:3, ‘us/cm’ ) ;&)
S WRITEC¢ 9@ "); (#,YHAD, SE+12:2: 7, nC/cm " XTIME®]1,QE+6:9:3, ‘us/cm’);®)
&3 BEGIN

WRITEC Ax “); (% YH#2 SE+1Q:8:2. nl/cm "y XTIME#VE#VS/ (VE+VS) #100:833) ; »)
WRITE( ems ")

END

END3 (= OF CASE =)

WRITELNy

WRITE (GAFLEN24:1, " cm ' ,PRE:3:@, amg )3
WRITE(FIELD®#1.QE-S:%5:2," KV/cm T (T IELD#).BE-S/FRE#L,.QE+3)15:2)
WRITELN(' V/em.torr )3
WRITE( 'Ve= * ,(VS/100@):531,° Km/s )3
WRITELN;
WRITE(ICMAX, 3 ",TPK, 3 ‘' ,IDFOSMAX,  ; ')}
WRITELN(IDNEGMAX) ;
WRITELN(TX, 3 *,VS,’ 3 ‘,QBMAX," § ° QERROR)
WRITE(DQSTART, ' ; °,DQEND,’ 3 ° ,DQFATE);
WRITELN(® 3 * ,DRERROR) )
WRITE(DQINJECTED, " j “,CALL23, 3 73
WRITELN(CALL2S);
END; (% of display #)
(lQ'Q.l.ll'.i’....I.b..i..l'll0...Q.“0‘.6.’0.00‘0!0.60{00.I'l...'l’.l......
procedure analmenu
Qlobal usage:X1,X2,Y1,Y2, INTEGRAL (MU ,UNDEF INED,NXFTS,CHANNEL
displays the cursor data and the calculated quantities
then displays a user prompt for response choice
00‘.‘."...0..6.01.0..6QIODQOOCOQQ.Om...C.Q.Q....l...l....bl..'Q.00.'.60.0)
PROCEDURE ANALMENU:
VAR
SFi:REAL;
HEGIN
IF NOT DMP THEN NORMALSCREEN}Y
DISPLAY;
CASE STATUS OF
1,2,31 SFi1=].0E+3;
4,51 SFi=1,.QE+?
END3 (* of case =)
(» WRITE('uS )3
CASE STATUS OF ) ‘
1,2,31t WRITE(  mA ) _
4,51 WRITE( ,nC")
END; #) (# 0 case +#) (e
WRITE( s  X1#1,QE+638:13, , ,Y18SF:813, § X2#1,.0E+628:3)
WRITELN( , ', Y2e5F18:3)3#)
WRITE( dT= ', (X2~X1r®#1,QE+61512, uS Vew= ,(VE/1000)14:2, km/s )}

-




Wk [ TELN;

IF gTATYUS 4 THEN

[F NOT UNDEFINED THEN

WRITE iint, L INTEGRAL®1.QE+F: 124 nC 3
[F FITFOUND THEN

WRITE ( 1att. fr. (x1) JARATES] ,BE~03 1234, MMz g
WRITELN:
IF NOT DMP THEN
BEGIN
WRITELN:
WRITELN{ eriter - selection. to.... )3
WRITELN;:
WRITE( 1.3 add (X1,Y1) il ftng le )

IF CORRECTED THEN WRITELN( =[d+Ic.(d-ni/sd ")
WRITELNC¢ <2

ELSE WRITELNG afg+lic g

T add (X2,Y2) <121 find Qg 3
WRITELN¢ =T -1 ¢1nd attachment rate at x1 “13.: screendump )i
WRITELN( <8.: f1nd 1ntegral - 14.: graticule )
WRITELN( <% : go to next record - lé 2 fing aQ g
WRITELN( &.: gquit program 17 @ $1nd streamerfunction Al
WRITELNC¢ -7 .: show data - 18 ¢ fi1ng streamer velocity
WRITELNC -8 : swap cursor 142 19°: cubic polynomial #i3t’');
WRITELN( < 9:: swap old & new datafield 2@ le=ld+lc '3
WRITELN( .21 Ic pé <22: +ld pk - 23 T & -1d px 24 0Og pk ¥ decay )
WRITELNC( 2%5. oQ growth, start & eng <26 -dl pk 7 output to disc. )3
END:

END; (# gf analmenu #)
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procedure adc
global usage:none

returns the voltage for a particular channel of the adc card
l&.’.‘.’......'...O."lﬁ...ﬁ..{‘ll.QQQ"-.'.QOQQ..QIQ.QQOQOQ"‘QOIC...OI‘Q'.)

FROCEDURE ADC (AR ANS ,CHANNEL : INTEGEK) ;
VAR
A,B: INTEGER;
INFPUT: CHARS
RESULT:REAL
EEGIN
OUT (S2+CHANNEL ,CHR (@) )
FOR A:=@ TQ S DO Ar=ag
INFPUT:=INF (32)3
ANS; =ORD (INPUT) 3
END: (® gf adc )

(FHBRPEDBBERERBEERETEABVESDAERARERB IR IBABRBHFDHBERIRFR BRI RBBRP0E200000

procedure Cursor

global usage:OLDXCUR,OLDYCUR, XCUR, YCUR,REBUT

fings new cursor position,stores colao one so 1t can be erased,

and assigns an appropriate value to BUTTONFRESSED
BPRBBPBERBRBRRRBBBERBBRIRE NP EBLBIBRANB RGN EDBEB IR G AT RVRASIERREHBBERRN BB

PHOCEDURE CURSORj
BEGIN

OLDXCUR3 =XCUR;
OLDYCUR: =YCUR3

ADC (XCUR , XCHAN) §
ADC (YCUR , YCHAN) ;
ADC (RBUT , BUTCHAN)

If RBUT: 125 THEN BUTTONFRESSED:>TRUE ELSE BUTTONFRESSED: =FALSE;

I[F XCUR.FIRSTSAMPLE THEN XCUR:=F IRSTSAMFLE;
IF XCUR:NFOINTS THEN XCUR:=NFQINTS:
END: (& of cursaor =)

2 E Y 22 R T2 2 22 2T P Y R R Y e Y R T R Y T R Y R F YRR YN T Y Y

procedure drawqgraticule
global usage:none
draws scope graticule on svc screen
requires graphics mode

BBV B AN BB INB RN B BB ORI INARBEHEIRBR AR IR BB BERRBEIRNAGINDABIIBBERIRDNBER080080)

FROCEDURE DRAWGRATICULE;
VAR
A B,C1 INTEGEF:
REGIN
(» 3QUARE GRID &)
(# FOR B:=@ TO I%@ DO
FOR A1=d TO 12 DO

)
)

xi



xii

BEGIN
FOINT(CHR tA®2S) [ CHR (B )3
FOINT (CHR (B ,CHR (A®ZS) 1 3
END: »)
ie AXES ONL7 >
FOR A:=d TO 2% DO
BEGIN
FOINT (CHR (@) ,CHRR(A)) 3
POINT (CHR (15@) ,CHR(A) ) ¢
END:
FOR A:=0 TO 120 DO
SEGIN
FOINT(CHR (A) ,CHR (@) )3
FOINT(CHR (A) CHR (250} 3
END:
FOR F1=1 TO 9 DO FOR C:=! TO T DO
SEGIN
FQINT(CHR (C) ,CHR(2SeR) 1 ¢
FOINT \CHR (1S8-C) (CHR (2S#E) ¢
END:
FOR B:=1 TO S DO FOK C:=1 TO 3 DO
KEGIN
FOINT (CHR (2S#E) ,CHR(C) ) 3
FOINT (CHR(2S#ER) ,CHR (25@-C) )
END:
C:=CFM(6,#1E); Ci13CFM(6,#00) 3
END3
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procedure autorange(scale:real,range:integer’
global usage: IFREE
finds the parameters needed by drawtrace to plot the data 1n IFREE({al
PP AL ERRRARB AP R RS IR AAR R R R LR ARG RERBBRRRRBGAF AP AL B RALEAS IR RS BB AR A B RS RS ERABRREVEOS)
FROCEDURE AUTORANGE (VAR C:REAL; VAR A3 INTEGER) ;
VAR
B: INTEGER;
G, INT ,MAX ,MINS$REAL;
HEGIN
MAL:=Q: MIN; =03
FOR E1=FIRSTSAMPLE TO NFPOINTS DO
BEGIN
IF IFREELERIMAX THEN MAX:=IFREELH];
IF IFREE(BI<MIN THEN MIN:=IFREE(R]:
END;
INT1=MAX~MIN;
As=TRUNC (~1#MIN/ INT#1Q) 3
IF A:Q THEN
G:mLN(-18MIN/A) /LN(10B.0)
ELSE
BEGIN
Arei;
G:=LN(MAX/F /LN(1D.0)
END;
Ci=»({ (POWER(1@,FRAC(G))*1@)+1) /12+FOWER(1Q,ENTIER(G));
Ci1=C/2%; A:=AelT,
END3
(BB RSIBARINIBTED L IRNBBIRURRRDRINERPIVERRRBI VRGN BRAVECBRAIBANRBNBRRBRGTE2R22S
procedure cCurdgrawix);
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FROCEDURE CURDRAW (X1 INTEGER)
VAR
At INTEGER;
BEGIN
(oFOR A3=-2 7O 2 DO
BEGIN
COMPLEMENT (CHR (X+A) ,CHR (Y (X) +a) )} v
COMPLEMEN ! (CHR (X+A) ,CHR(Y (X) -A) )}
END3
COMPLEMENT (CHR (X) ,CRR(Y (X)) )3 w)
FOR Ai1=-2 TO { DG
HEGIN
COMFLEMENT (CHR (X+Q) ,CHR (Y (X)~-2)) 3
COMPLEMENT (CHR (X+2) ,CHR(Y (X)+*A))




LLMPUEMENT -CHR «A-n) (CHR (7 Kr+2)
IOMFLEMENT (CHR X =2) (CHR: Y (L, —R) o g
END:
END:

xiii
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procedure Jdrawtrace
global usage:FIRSTSAMPLE ,NFPOINTS,RAW
requires graphics mode
draws crude data straight ¢rom RAwW

(A X222 AR 22 222 22 a2 8 2 a2 22 222242 X 22T TR Y I I RY Y PN Y RY Y Y Y YT Y Y Y PYY Yy PR e ee

FROCEDURE DRAWTRACE;
VAR
A E,C,D: INTEGER;
BEGIN
CLERRSCFREEN;
AUTORANGE (YH,YG) ¢
IF GFSW THEN
DEGIN
OF AWGRATICULE :
FOR A:=sFIRSTSAMFLE TO NFOQINTS DO
IF (A5 OR (Y1A).S) OR (Y{A) 24%) THEN
BEGIN
D:=vG+ENTIER(IFREELAI/YH) ;
FOF B:=-2 70O T DO
FOkR C:=-3 TO 2 DO
UNFPQINT (CHRR (A+B) ,CHR(D+C) ) ;
END:
END:
MOVE (CHR (F IRSTSAMFLE) ,CHR(Y(FIRSTSAMPLE) ) 13
FOR A:=F IRSTSAMPLE 'TO NPOINTS DO
LINE(CHR(A) ,CHR (Y (A)) )
IF FITFOUND OR POLYFITFOUD THEN
BEGIN
1 =F [RSTSAMFPLE:
REFEAT
A:=A+];
UNTIL (YFITtAY @) AND (YFIT(A)-2S0);
A:=A+]:
WHILE (YFIT(AR):@) AND (YFIT(A).TS@) AND (A« =NFOINTS)
PEGIN
MOVE (CHR (A=1) ,CHR(YFIT(A=1)));
LINE(CHR (A) (CHR(YFIT(A)) )}

[o]s]

IF (A.=1X1) AND (A<=IX2) THEN LINE(CHR(A) ,CHR(Y (A})),

Ay=Avrly
END;
END:
Ci=lPM(b,01B); C:eCPM(6,808C)
FOR Ci=1 TO 4 DO WRITELN;
WRITE( ¢f19 d FILENO:3, . (NXPTS:11);
CASE STATUS OF
1: BEGIN
WRITELN( &)}
WRITELNS
WRITELN( conduction )}
WRITELN( current, [c )
END;
2: BEGIN
WRITELNC'B )¢
WR I TELN1
WRITELN( displacement )}
WRITELNC current, 1d');
END:
Z: BEGIN
WRITELN( ¢ )1
WRITELN;
WRITELN( 'sample )3
WHITELN( current, [s )¢
END:
4,
BEGIN
WRITELN( 'd )3
WRITELNY
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wWR{TELN
WRITELN
END:
S: BESIN
WRITELNG & 13
WwWRITELNG
WRITELN( generation of )3
WRITELN{( charge oQ/sec )
END3
s: BEGIN
WRITELNU ¢ )3
WRITELNS
WRITELNG A»x
WRITELN:
END
END1
WRITELN:
WRITELN( o
WRITELN?t o
WRITELN. &
WRITELN
WRITELN®
WRITELN(

tatal
cha ge,

iree '
Qq /:

BAFPLEN:Ad: 1, cms )%

FRE: T, mmHg ) ;

FIELD#1,QE-S,:4:1) 3

kV/em g

‘L (FIELD®*1.0E-S/FPRE®1.QE+T):4: D)
v/cm.torr )
WRITELN( ¥Ys ((VSe*1,dE~-2):5:1,
WRITELN( Ve s \WE*1,.9E-C}

IF FITFOUND THEN

BHEGIN

IF (ARATE- @) THEN WRITELN( decay frea. = '
WRITELN(ARATESL.QE-6) :9:2)
WRITELN: JAERARATE®*1.QE-4):6: 2,

END:
IF NOT UNDEFINED THEN

BEGIN

WRITELNy

WRITELN( 1ntegral =)

WRITELN( (INTEGRAL#1 ,BE«93:9: 2,
END:
IF UNDEFINED aAND
WRITELN;
WRLTELNG ver /hor scale Yy
WRITE y1 )

CASE STATUS OF

E/p

fm/s )3

*, -

MHz 5

nC s

FITFOUND=FALSE) THEN BEGIN WRITELN;

4: WRITELN((YH#2  SE+1@):632,  nC 1t
1,2,21 WRITELN((YH®2 SE+48)1612,  mA ) ;
S,61 WRITELN((YH#2 SE+1):6:3, C/s’)
END:
WRITELNC x: (XTIMB#t QE+6)17:2,  uS )j
IF UNDEFINED THEN
BEGIN
CURDRAM L 1X1) g
CURDRAW (1X2);
END
EL.SE
BEGIN
FOR Ar=IX1 TO IX2 DO
REGIN
MOVE (CHR (A) ,CHR(YG) )
LINE(CHR(A) ,CHR(Y(A)) )
END3
END3
IF (NOT UNDEFINED) OR (STATUS=Z) THEN

REGIN
HMOVE (CHR(FIRSTSAMPLE) (CHR(YB))

LINE (CHRINPOINTS) ,CHR(YG));
ENDg

END;
PROCEDURE DRAWCUR:
BEGIN

CURDRAW (QLDIX1) 3
CURDRAW (1X1)3
ENDt

CURDRAW (OLDIX2) 3
CURDRAW (IX2)

ELSE WRITELNt growth

WRITELN:

treq. = )1

wRITELN END:
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procequre rout!
qloval usage: x1,IX1,ACUR,2ATIMB,/1,1Y1 RAW,JEROLEVEL ,REUT, rAMFL
OLDIxX! ,QLDXCUR
requires graphics mode
f1nds cursor posi1tion,mares thi1s new cursorl,stores oid value
repeats until button 18 pressed
RSB RGP RBABE BB LRI BRRORBRIR P RN B S IRE AR GG RS G R R BB R ERBE R SRRV R AR BRI ER GRS
FROCEDURE ROUT1:
BEGIN
UNDEF INED: = TRUE :
DRAWTRACE ;
OLDIX):=0LDXCUR:
REFERAT
DRAWCUR 3
CURSOR:
X1+=3(CUR#XT IME/2S;
f1:=[FREEL(CUKR]:
121:=¢CUR: OLOI<1:=0LDXCUF:
UNTIL REUT 129
END3
X R X e R e Y I TS R R R L R T Y P T Y Y Y RSS2SR L Y 2%
procedure routl
3lobal usage: XCUR,XT,I22,0LDIXx2,0LDXCUR, XTIME
2 RAW, ZEROLEVEL , YAMFL , REUT
same as rout] but gets cursor position and'maps 1t onto cursorl
calculating the real values XZ, Y1 of the cursor positon.
again the old ones are saved for erasure
SRBBRIBREABARERFRBCHERRRAB A B RBRER R RS ERE BB GRARARAS PGB L LI AARIRARRTRBEABDEN)
PROCEDURE ROUTZ:
BEGIN
UNDEF INED: = TRUE ;
DRAWTRACE :
OLDIXZ:=0LDXCUR;
REFEAT
DRAWCUR ;
CURSOR
XZ:=xCUR#XTIME/25;
Y2l:=IFREEI XCURI;
IX2:=XCUR: OLDIXZ:=0LDxCUR:
UNTIL KEUT:12%;
END;
(R4S R BB AR U BN B RBRRP AR EPRER B BB R B R R RS RGBRRERBR BRI R BB RRE R R AR AP R BB RBER DU SRS
procedure expfit:
performs a least squares fit to the data between the cursors
to the function y=a expibx}
SRR LB GBRRB TR IRRRERERBBPII RSNV EIRB R PR G R A R BB ERRIUR B S RBEERBB I B ERAAGRERRRBEDTRS)
PROCEDURE EXFFIT:
VAR
¥5,8%,8Y,8xX,SYY,5XY,SD,.DD,ER:REAL;
S,N1 INTEGER:
FUNCTION Q(X: INTEGER) sREAL
vaK
3 KiREAL;
Ci: INTEGEK;
BEGIN
Jr=IFREECX ]
IF J.@ THEN J:=Js(-1);
IF J>@ THEN
i=LN(T)
ELSE
[SEEY Y. 1
IF r=-4@ THEN C:=CPM(6,7): (& BEEP »)
Q:=r;
END3
FUNCTION D(VAR X: INTEGER):REAL;
BEGIN
Di=FlTAsX+FITEH-Q(X)y
END3
BEGIN
FITFOUND: =FALSE
SXs=Q; SY:=Q; SXX:=@) SYY:=@; 5xYi1=Q: 3SD:=Q;
FOR S:=Ix1 TO IX2 DO




xvi

HEGIN

3X:=5%X+9;

Stx:=3XX+SQR(S)

¥S:1=Q(8)

SY:=SY+¥S;

SYY; =8YY+SRR(YS)

SXY:1wGXY+SevYS;

END;
Nes[XJ-IX1+13
DD: aNeSXX-3S0OR (SX) 3
FITA; = (N#SXY-SX#SY) /DD:
FITH: = (SY#SKX-SX*SXY) /DD;
ARATE: =F ITA®JTS/XTIMEg
FOR Si=[X1 TO IXZ DO SD:=SD+SQR(D(S));
EQ:=SD/ (N-2) 3
ERARATE : *SORT (N#EQ/DD) «2S/XTIME:

WRITELN/ [x2n 1= ,SX, (XXIn = ,SXX, |93 = 5y, [/¥In 1= ", 3YY)3
WRITELN' "[x¥Jn = ,3SXvY, (oDIn = ,SD, N N
WRITELNG nlXXI.N= [(£3in.(XJn := ~ DD, (DDIn/ (N 1= L EQ):

WRITE( a 1= " FITA," b= " ,FITH, "’ =. att.¢éreq = ', ARATE, = 3
WRITELN(ERARATE) 3
READLN¢

END;
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procedure routd
glocbal useage: INTEGRAL,IXZ,IX! ,RAW,ZEFOLEVEL  YAMPL ,, XTIME,,UNDEF INED
requires graphics mode
displays data, calculates integral between Xi4XZ, displays result,
on return to program, negates undefined ¢lag
!GCQQQOQO}QQ“.GI‘.QlﬁiﬂQ.&iOQCIhﬂllﬁéifi.‘I640&."'0.’000‘l"ﬁ‘&&‘ll—‘iilﬁ”")

FROCEDQURE ROUTA4:
VAR
A: INTEGER:

BEGIN
F1TFOUND: =FALSE:
IF (STATUS <. 4) THEN
EEGIN
DRAWTRACE :
INTEGRAL : =93
DRAWCUR:
IF IX2:IX1 THEN
FOR Ai=IX1 TO IX2 DO INTEGRAL:=INTEGRAL+IFREE[A]
ELSE
FOR A:=IXZ TO IX1 DO INTEGRAL:=INTEGRAL+IFREE[AJ;
INTEGRAL 1 = INTEGRAL ¢ X TIMEB/ 251
WRITE (INTEGRAL#1.QE+9:12:4,  nC');
UNDEF INED3 =FALSE:
READLN;
END
ELSE
EEGIN
WRITELN(' meaningless ');
UNDEF INED: = TRUE §
READLNg
END; (# of 1 status < 4 @)

END;
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procedure rout$
gloal usagesFIRSTTIME,PZEROLEVEL ,ZEROLEVEL \PARATE ,ARATE
PINTEGRAL , INTEGRAL ,FRAW,RAW, FFRESS , FRESS
PCLOCKVALUE ,CLOCKVALUE ,FPHUMID HUMID ,FXTIMB , XT IME
PYAMPL ,YAMPL ,FPRESISTOR ,KRESISTOR ,PNRUN ( NRUN FNXPTS NXFTS
PNPOINTS NPOINTS ,PF IRSTSAMPLE ,F IRSTSAMPLE , FCHANNEL , CHANNEL
Xt,IX1,Y1,X2,1x2,v2
stores the parameters and gets more data from file
1.8, (fr1eld)rw(f1eldl)t then new (fieldli). (field2) 1s lost.
06.l'l'."...’CQO‘OQQQCIQQQ.Q).OO0‘.'Q..O.QQC.O"OQ‘GOOO'QQIOQQQ.&G..Q.l....)
PROCEDURE ROUTS:
VAR
A INTEGER];
RTEMFI1REAL
REGIN




FOLFITFOUND: sFAL3E:
CALLZIT; aFaLsE:
CALLZs: sFALSE
FIRSTTIME: =FAL3E:
(& SAVE OLD PARAMETEFS AND DATA «)
FIZEROLEVEL: =7EROLEVEL :
FARATE: =AFATE:
FINTEGRAL: = INTEGRAL:
FOR Ar=d TO IS5 DO ICONDCAl:=IFREECA]:
FPRESS: =FRESS:
PCLOCHVALUE: =sCLOCFVALUE:
FHUMID: =HUMID;:
PXTIME: sXTIME;
PYAMFL:: mYAMPL
FRESISTOR: =RESISTOR;
FNRUN: =NRUN:
PNXFTS: sNXFTS:
FNFOINTS: aNFOINTS:
FFIRSTSAMFLE: aF [FSTSAMFLE
FCHANNEL : sCHANNEL ;
PFITFOUND: =F I TFOUND;
(e END OF SAVING FARAMETERS «;
FITFOUND: =FALSE:
NEWEVENT:
X1:=IXx1exXTIME/2S;:
Yi:=1FREECIX11;
XT:=IXZ#XTIME/2S:
Y2:=IFREEC XD,
UNDEF INED: = TRUE:
END:
IR I T TR R R R R R R Ry A Ry R YY)
procedure rout?
global usage:none.
calls other routines to draw (fi1elal)
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FROCEDURE ROUT7:
VAR
A B INTEGER;
BEGIN
DRAWTRACE ;
IF NOT DMF THEN READLNj;
END:
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procedure routl
global usage:IX1,XCUR,IY] ,RAW,OLDIX]1,CLDXCUR, X1 ,XTIMB
¥Y1,ZEROLEVEL, YAMPL ,ARATE , BUT TONFRESSED
requires graphics mode
qets a2 new cursorl! value, calculates the attachment freq.
here, and displays the value.
stops when button i1s pressed.
.Q’..Q.IQQ..C.GQ‘I--IOO'5{6‘“"{."0..b66..0QQ..Q.'Q..."Q'.C&Q‘QO.Q...QQQ...Q)
PROCEDURE ROUT3Z;
BEGIN
EXFFIT:
FITFOUND: =TRUE;
ROUT7:
END:
(6.'.Q...O.QOQ.."OQQ’O..’.Q.OCQQOQGQQQiQQOQ§QC.OQO.CQ.Q.Q..I.O.GQQOQ&QO.Q&O
procedure rout8
global usage:IX1,IX0,1IV1,1v2 XCUR,YCUR,X1,X2,Y1,Y2
1nterchanges the cursor fields; cursorl:=cursorl, cursor.:=scursorl
..l'QQ....‘.".IQIQ..QGQIQQQ.0006.!{.QQI.Q.Q’Q..’QQQ.'GQI.O.Q.OCQIQQ.000.00.)
PROCEDURE ROUTS:
VAK
ITEMP: INTEGER;:
RTEMF:REAL:
BPEGIN
ITEMP:=IX1: [A1:=IX2; IX2:=ITEMP;
ITEMP:=lY1y IY1:a]lY2;y [Y2:=ITEMP;
ACURs»TX 13y
YCUR:» (Y1}
RTEMP:=X1; X1:=XT; X2:=RTEMF;
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RTEMF:=r1; vl:=v2; (2:=RTEMF;
END:
v PR RS TR RN YRR Y 2 e R Ty R R R P R R s S R RS LA e 2
procedure rout?d
global usage:FIRSTTIME,ZEROLEVEL ,FIEROLEVEL ,ARATE FARATE
INTEGRAL ,FINTEGRAL. ,RAW ,FRAW ,FRESS ,FFRESS . HUMID,FHUMID
CLOCKVALUE ,PCLOCKYVALUE ( XT IME,PXTIME, YAMFL ,PYAMPL
RESISTOR,PRESISTOR ,NRUN ,FPNRUN NXFTS FNXFTS
NFOINTS ,PNPOINTS ,FIRSTSAMFLE ,FFIRSTSAMFLE ,CHANNEL PCHANNEL
X1, IX0,Y1,X2,142,v2
inzerchanges the datafields; (fieldl):={f,eldl), (f1eldl):=(f1eldl).
LR I T T PR R R Y Ry N Ry e e I YL I TR IS 2
FROCEDURE ROUT9:
vaR
A, ITEMP: INTEGER:
RTEMF:REAL;
HTEMP: BOOLEANS
CTEMF 1 CHAR:
EBEGIN
UNDEF INED: =TRUE;
IF FIRSTTIME THEN ROUTS:
RTEMF:=ZEROLEVEL;: ZEROLEVEL:=FPZEROLEVEL; FIEROLEVEL:=RTEMF;
RTEMF: =ARATE:; AFATE:=PARATE: PARATE: =RTEMP;
ATEMF: = INTEGRAL: INTEGRAL:=FPINTEGRAL: FINTEGRAL:=RTEMF;
ZTEMF: =F I TFQUND: FITFOUND:=PFITFOUND:; PFITFOUND: =BTEMF;
FOR A:=@ TO 2SS DO
REGIN
RTEMP:=IFREE[A);
[FREECAI: =1CONDLAD:
1CONDLAT: =K TEMF;
END:
1TEMP: aSTATUS; STATUS:=PSTATUS; PSTATUS:=ITEMP;
RTEMP: =aPRESS; PRESS:*FFRESS; FFRESS:=RTEMP;
RTEMP 3 =CLOCKVALUE; CLOCKVALUE: =PCLDCKVALUE; FPCLOCKVALUE: =RTEMF;
R .EMP: =HUMID; HUMID:=PHUMID; PHUMID: =RTEMF;
RTEMF:=XTIMB; XTIMB:=PXTIME; FXTIME: sRTEMF;
RTEMP =YAMPL; YAMPL: =PYAMPL; PYAMPL: =RTEMP;
RTEMP: =RESISTOR: RESISTOR:=FRESISTOR: FPRESISTOR:=KRTEMF;
ITEMP: =NRUN; NRUN3 =FNRUN; PNRUN:=ITEMP;
ITEMP 1 =NXPTS; NXPTS:=RNXPTS; PNXPTS:=ITEMP:
ITEMP 3 =NFPOINTSs NPOINTS:=PNPOINTS; PNPOINTS:=I1TEMP;
1TEMP: =F IRSTSAMPLE: FIRSTSAMPLE: =PFIRSTSAMPLE: FFIRSTSAMPLE: =] TEMP;
CTEMF: =CHANNEL ; CHANNEL : *PCHANNEL ; PCHANNEL : aCTEMF
X1:=[X1#XTIMEB/JS;
Yi:=[FREETIX1I;
X23=[X2#XTIMB/25;
Y2 =IFRERLIXD);
END;
FROCEDURE ROUT1@;
VAR
A1 INTEGER;
BEGIN
FOR A¢=FIRSTSAMPLE TO NPODINTS DO IFREELAJ:=LN(SQRT(SOR(IFREELAJ) ),
END3
(ll.'&'..'“l.ld‘.QCO"CO&.Q..{Q{.O'QQO&.QI!QQ&OQQIQOO'Gl...“.i".'l""d'..
procedure routlly
global usage:RAW,IEROLEVEL ,PRAW,PZEROLEVEL , YAMPL ,PYAMPL
performs the mapping described 1n routl@.
note: data 1n RAW 18 lost !
IOI...0.’..’.0."'.'."00.&0‘QGQQIQCO.DIQ'Qi’l.‘.’...’l&h.&.l.il.‘.!il“.‘l‘)
FROCEDURE ROUT11;
VAR
A INTEGER;
FACTORXIREAL;
BEGIN
FITFOUND: =FALSE;
1IF CORRECTED THEN FACTORX:=STRUEN/GAFLEN ELSE FACTORX:=};
UNDEF INED: @« TRUE 3
IF (STATUS=1) AND(FSTATUS=1) THEN
HEGIN
FOR A:=FIRSTSAMFLE TO NFOINTS DO IFREE{A):=IFSEE(RI+FACTORX®(COND(Al}
STATUS1=3;
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END
ELSE
IF 1STATUS=1) AND (FSTATUS=Z) THEN
HEGIN
WRITELNt «9. 773
READLN
END
ELSE
BEGIN
WRITELN( <% 77 )
READLN
END3s
END;
(HBABEERBEBSERERERERRRERRREBAERA AR R BEREFREEABERSERBRBERER SRR G HERBREFLEAAREHBGRNE
procedure routll
global usage: none
calls routS,routS,rout!il,routd 1 a convenience
R R L 2 R R P Y R R R R e R RS RS 2 R SR R T S 2 L )
PROCEDURE ROUT1Z:
VAR
A1 INTEGER;
B:REAL:
BEGIN
UNDEF INED: =TRUE;
FITFOUND: =FALSE
IF (STATUS=3Z) AND (PSTATUS=1) THEN
BEGIN .
1=VE/GAFLEN#10@: (# 1/D :1n metres +)
FOR A:1=FIRSTSAMFLE TO NFOINTS DO IFREELA):;=IFREELAJ/K:
STATUS: =43
END
ELSE
IF (STATUS=1) AND (PSTATUS=3) THEN
EEGIN
WRITELN( <9.77 )3
READLN
END
ELSE
REGIN
WRITELN( <11 2723
READLN
END3 (% OF IF #)
END:
€ 2222222222222 22222 2222 22 22 22232 SRS 222 YRR 22 RSS2 2 3
procedure routls
global usage:inone
draws the current field, ocutputs :1t to the printer
then lists the parameters assoc:ated with 1t
RERERA SRR BREERBREERBRRRRERERRSRBBIRBRBEER R BB ERRBRBEEBERAARARGERB SR A RN ERBREE)
FROCEDURE ROUT13;
VAK
A,B,C: INTEGER;
SEGIN
GR3Ws = TRUE ;
DMF: = TRUE ;
C:=CPM(5,27);
C:=CPMI(S,51)
C:=CPM(5,24); (# SET EPSON LINESFPACING FOR GRAPHICS «)
GRAPHICS:
DRAWTRACE;
DMFRQ:
USER(#F9%Q)) (# GRAFHICS DUMP =)
Ci1=CPM(S,27)
Ci1=CPM(5,%@); (» RESTORE DEFAULT LINESPACING TO EPSON +)
DMP: =FALSE} .
(# IF ENDPAGE THEN
BREGIN
C:=CPM(5,12);#) (» FORM FEED =)
(» ENDPAGE: =FALSE
END
ELSE ENDFAGE:=TRUE; #)
WRITELN;



FPOPELo'\WELSV , WERQG:; & ARESTORE O.7 JUMF IN ©Il5 J CRT: )
GRSW: =FAL3E:
END:
I Y Y Y T R R Y R L R R A R A T A A A AR A R I ZZ XSRS R A AR 2 2 )
procedure routlsd
global usage:GRSW
turns on/o+f the graticule drawing routine
P T Iy 22 e A R Y YRR R RS SRR 2R R R R R R RS S X 2 2 2 2 2 0
PROCEDURE KQUT14;
EEGIN
If GRSW THEN GRSW:sFALSE ELSE GRSW:«TRUE
END;:
‘...’.."’.—.".’.“......‘...‘.'...‘........'....’...”..Q......'...........
procedure routlS
global usage:none
reads 1n a new record {(1c and 1d) and displays 1d
CERBERRB PR R RE L RRH DR ARE NP R PR RBERGD AP B RV SR B G R BN B 44P 4444 A AP APPEFRBBERRBSIRGS)
FROCEDURE ROUT1S:
BEGIN
(# SET RETURNED VALUES TO 2 =
ICMAX: =92
IDFOSMAX 1 =82
IDNEGMAX : =9
TX:=Q:
vYS: =3
OGMAX : =03
DRINJECTED: =0;
ORATE: =02
DQRATE: =Q;
QERROR: =03
DOERROR: =0
Tk : =Dy
DQSTART: =0;
DOEND:=Q;
INTC:=9:
INTD2: =@:
INTD3: =0;
ROUTS; ROUTS;
STATUS: =23
PSTATUS: =1
RQUT7;
END;
(.QlQCl&ii’&ﬁi‘{'l‘.l{i..‘.l....‘ﬁQlQQQQGiQ.0.0Ql'.6.'60000‘6’0{06.&.‘0.....
procedure routlé
global usage:none
finds gap charge generation, aQ
HERBEBERREBRRBRRRBDRERRAEFR BB B BER PR B GRS RRARERERSRBESRERBRARERBBBRRERBERIRER)
PROCEDURE ROUT16:
VAR
ICTERM,OMYGODWHATAMESS , RTEMP ,RRTEMP 1 REAL
A3 INTEGER;
BEGIN
UNDEF INED: s TRUE;
IF (STATUS=4) AND (PSTATUS=t) AND FITFOUND THEN
BEGIN
OMYGODWHATAMESS: = ICONDLF IRSTSAMFLE )
FOR A:=FIRSTSAMFPLE+1 TQ NPOINTS DO
BEGIN
ICTERM: = (1CONDCA)+OMYGODWHATAMESS) #XTIME/S0;
OMYGODWHATAMESS: = ICONDCA I
ICONDCA):=IFREECA)~(IFREE{A-1 3~ ICTERM) *EXF (ARATE#XTIMR/25) 1
ICONDCAl: =ICONDCAL/XTIME#2S; (& dQ/sec +)
END3
FSTATUS: =5y ‘
END
ELSE IF (STATUS=1) AND (FSTATUS=4)
THEN PEGIN WRITELN( <9>77'); READLN END
ELSE BEGIN WRITELNC( <1537 )3 READLN END;
IF NOT FITFOUND THEN WRITELN( '<2.?7")g
FPFITFOUND: =FALSE}
ICONDLF IRSTSAMPLE 11 =03
FIRSTSAMPLE : oF IRSTSAMFLE+1}
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EQUT s
END:
Y Y T R Y Y Y Y Y Y e R R R R R el R R 2 R R R A R AR R S g
pracedure routl”
torms the streamerfunction A(x) 1n IFREE
.'Ql.i“..QQ'OOQQQQQO.....'QQQDGQ‘.O‘.O"C.O'QOOOD.Q.Q...Q.Q.!C.CQQ...0.0Q')
(#FROCEDURE ROUT17:
YAR
A,B1 INTEGER:
CC,vELD,D:REAL;
REGIN
FFITFOUND: =FALSE;
IF (PSTATUS=1) AND FITFOUND AND (VS- '@) THEN
BEGIN
STATUS: =s:
VELO: =VE#VS/ (VE+VS) §
CC:=(SORT (SOR(ARATE) ) /VE) #VELO*XTIME/2S;
WRITELN  CCi= ,CCo:
WRITELN( ARATE:= " ,ARATE) :
WRITELN( VELO:=" VELD):
FOR A= If1 TO IX2 DO IFREE[LA-IX1J:=(ICOND{AR1I/VELO)#EXF ((A-IX1)*CC):
FOR Ar=(IX2+1=-1X1) TO NFOINTS DO IFREELA):=0;
END
ELSE WRITELN( -18.7 «35:7 <1277
READLN:
FITFOUND: =FALSE;
FFITFOUND: = TRUE;
END: *)
(PRBER RV BABRARRDRGEP R AP RRBR B AR BARRERARER A ER SRR EARRER AR B R AR B S EERRRRFFERERR A
procedure routi8;
finds the streamer velocity
RBERR BB LR RERERRERRABURARRBBBRERBRRBBR T RRERRRBERPERRERA RSB RRA AR SAP SRR R R ARG RR)
PROCEDURE ROUT18;
BEGIN
VS: =STRLEN/ (AES (X2~X1) #1000} ;
END:
FROCEDURE ROUT19:
BEGIN
POLYFIT:
ROUT?:
END:
(SRR RIBRER B RGBS AR B ERBRBAREB SR RRAGRFRBETRE LB RBRRRER R R ERBERREELRRARERRBIRENS
procedure rout2®
global usage: CORRECTED;
changes ROUT11 such that 1t finds le=Ild+Ic: and not the default
which i1s le=sld+(d~n)/d.lc
BRBBERRBG A RRBR BB RS SRR BAREB AR SR B RERB RO R R A AR SRR BB ERS R LR SRD AR FBRBERSBEERR)
FROCEDURE RCUT2Q:
BEGIN
IF CORRECTED THEN CORRECTED:=FALSE ELSE CORRECTED:=TRUE:
If CORRECTED THEN WRITELN( finds le=Id+[c.(d-n)/ad")
ELSE WRITELN( ¢inds le=ld+Iic’);
READLN:
END;
FROCEDURE ROUT21:
VAR
A: INTEGER:
BEGIN
ICMAX: =Yl
TPRK:®(X2=-X1)g
INTC: =@
FOR A1 =F IRSTSAMPLE TO NPOINTS DO INTC:=INTC+IFREELA];
INTCs=INTC#XTIMB, 2%
END;
FROCEDURE ROUT22: ‘
BHEGIN
1OFDSMAX ;s mY2;
END,
PROCEDURE ROUT23:
VAR
A1 INTEGER;
HEGIN




CALLIT i =TRLE:
[DNEGMAL: =v2;
TX:=(XT=X1)3
ROUT19:
INTDI: =0
INTD3I: =Q:
FOR Ar=(IX1) TO IX2 DO INTDI:=INTDI+IFKEECAD:
FOR A:m([IX1) TO NFOINTS DO INTD3:=INTDS+IFREE[A]:
INTD2: = INTDZ#XTIME, 2T:
INTDZ 1w INTDI#XTIME/2S:
END;
FPROCEDURE ROUT24;
EBEGIN
QGMAX:=Y ]
QRATE s =ARATE ;
QERROR: =ERARATE ;
END:
PROCEDURE ROUTZIS:
BEGIN
DOSTART:=Y 1
DQEND:=Y2;
DORATE: =ARATE ;
DQERROF : =<ERARATE;
END3
FROCEDURE ROUTZ6:
BEGIN
CALLZS6:=TRUE:
DQINJECTED: =Y2;
END:
FROCEDURE ROUT27:
VAR A: INTEGER:

BEGIN
WRITELN (DBASE,’ ')
WRITE (DBASE, '\ ' ,FILEND, ' ,NXPTS,  “);

| WRITE (DEASE ,FIELD, " °,(FIELD/PRE), ' ' ,GAFLEN, °,PRE,' ');
WRITE (DEASE, ICMAX, " @ ' ,IDFOSMAX, @ °,IDNEGMAX,’' @ )
WRITE (DFASE ,QGMAX, © @ *,DRINJECTED, @ - ,ORATE," °,CERROR, ") ;
WRITE (DBASE,DORATE,  °,DRERKOR, " ,VS, @ ',VE, @ ");

WRITE (DBASE, INTC, @ ',INTD2, ' @ °,INTDI, ' @ ');
WRITE(DEASE,VE," @ ',TX," @ °,STRLEN, @ “yTPK," @ “,DQSTART, & "»;
WRITE (DBASE,DQEND, " @ )3

IF CALL23 THEN WRITE (DBASE, - 1 ‘) ELSE WRITE (DBASE, * Q ‘3
IF CALL26 THEN WRITE(DBASE, ’ 1 ‘) ELSE WRITE (DBASE, - "] ")
END3

( .6.'0"6&6‘&6!{.lli.l.ﬂ!..&'."ll&6!!660.'QQOQﬁi&...'.l.....&’l'i‘i.’il.l’
procedure analysis
global usage: IRESP
drives the sub-menu for the cursor-oriented analysis package
0..0’0.’.QQD!&GOQ‘.{'I'.l-.’...l.Qliil.lI'OQG!l.l&l*&lll!'!.’..'l&.l‘QCG!..CC'GQ)
PROCEDURE ANALYSIS;
BEGIN
REFPEAT
NORMALSCREEN;
(#(8 WRITELN( YOURE SO SMART ! ‘)3i#)
WAIT(2)
NORMALSCREEN;
ANALMENU
READ (IRESP) 3
CASE IRESF OF
13ROUTL;
\ 23ROUT2,
: JsROUT3;
4:ROUT4;
S1ROUT1T;
(= S63ROUTSL; #)
7+ ROUT7
831 ROUTS;
9:ROUTY;
12:ROUTQ;
11:ROUTL
12:ROUTLIDg
133ROUT13y

——— ———— - -




14:ROUT IS
16: ROUT 16

(* 17:ROUT1 7 ..
189: ROUT18;
19: ROUT19:
20: ROUTZO;
21:ROUTZ1:
22:ROUT22:
2T:ROUTII:
24:ROUTZA;
2SI ROUT 2SS
26:ROUT26:
27:ROUT27

END:
UNTIL IRESF=4;
END;: (# of amalvyeirs -

XTI RIS L2 22 B ad PP PP PR ERIRR BB BB AREABERR I B AR AR R B EP A S G E AR ERA GO A BN S
program begins nere
Q'Q‘O.Q.‘b'o“i.oo'ﬁ'o.o‘00Q6'0{}?51’46{.Q'QQ'D.&‘&QG‘Q'Q&Qéi."i‘.‘...&.”i)
BEGIN (# program =/
SVCCODE:
INITIALISE:
HEGINNING:
ANALYSIS;
END. (& of prcgram e

Appendix B

A complete data list is available from the author.
The data has not been included in order to reduce the bulk of

the report.
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END
DATE
FILMED




